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Thermoelectric Phenomena: Background and Applications
Over the past decade, there has been heightened interest in the field of thermoelectrics, driven by the need for more efficient materials for electronic refrigeration and power generation. 1, 2 Some of the research efforts focus on minimizing the lattice thermal conductivity, while other efforts focus on materials that exhibit large power factors. Proposed industrial and military applications of thermoelectric (TE) materials are generating increased activity in this field by demanding higherperformance high-temperature TE materials than those that are currently in use. The demand for alternative energy technologies to reduce our dependence on fossil fuels leads to important regimes of research, including that of hightemperature energy harvesting via the direct recovery of waste heat and its conversion into useful electrical energy. Thus, the development of higher-performance TE materials is becoming ever more important. Power-generation applications are currently being investigated by the automotive industry as a means to develop electrical power from waste engine heat from the radiator and exhaust systems for use in next-generation vehicles. In addition, TE refrigeration applications include seat coolers for comfort and electronic component cooling. Of course, the deepspace applications of NASA's Voyager and Cassini missions using radioisotope thermoelectric generators (RTGs) are well established (see Reference 3 and the article by Yang and Caillat in this issue). A key factor in developing these technologies is the development of higher-performance TE materials, either completely new materials or through more ingenious materials engineering of existing materials.
Thermoelectric refrigeration is an environmentally "green" method of smallscale, localized cooling in computers, infrared detectors, electronics, and optoelectronics as well as many other applications. However, most of the electronics and optoelectronics technologies typically require only small-scale or localized spot cooling of small components that do not impose a large heat load. If significant economical cooling can be achieved, the resulting "cold computing" could produce speed gains of 30-200% in some computer processors based on complementary metal oxide semiconductor (CMOS) technology. Cooling of the processors is perceived by many to be the fundamental limit to electronic system performance. 4 Thus, the potential payoff for the development of low-temperature TE refrigeration devices is great, and the requirement for compounds with properties optimized over wide temperature ranges has led to a much expanded interest in new TE materials. Recent utilization of Peltier coolers (see next section) for the refrigeration of biological specimens and samples is an emerging TE application.
The development and potential of bulk materials for TE applications is an active area of research. High-temperature bulk materials such as skutterudites, clathrates, half-Heusler alloys, and complex chalcogenides are being investigated (see the article by Nolas et al. in this issue). These materials possess complex crystal structures and exhibit properties that are favorable for potential thermoelectric materials. For example, skutterudites and clathrates are cage-like materials that have voids in which "rattler" atoms are inserted to significantly lower the thermal conductivity due to the rattling atoms' ability to scatter phonons. Recently, ceramic oxide materials have also shown potential as high-temperature TE materials (see Koumoto et al. in this issue). The potential of nanomaterials and their role in TE research are an emerging area of interest (see Rao et al. in this issue). Bulk material applications are demanding new breakthroughs in both materials and device engineering (see Yang and Caillat in this issue). The role of thin-film properties, applications, and recent results is also very important (see Böttner et al. in this issue). A more complete overview of state-of-theart materials, a theoretical and experimental discussion of the basic principles, and an overview of some of the recent developments and materials are given in texts by Tritt 2 and Nolas. 
Seebeck and Peltier Effects
A discussion of thermoelectric effects and devices should start with one of the most fundamental TE phenomena, the Seebeck effect, or thermopower. [6] [7] [8] In the early 1800s, Seebeck observed that when two dissimilar materials are joined together and the junctions are held at different temperatures (T and T ϩ ∆T), a voltage difference (∆V) develops that is proportional to the temperature difference (∆T). 6 The ratio of the voltage developed to the temperature gradient (∆V/∆T) is related to an intrinsic property of the materials called the Seebeck coefficient, α. The Seebeck coefficient is very low for metals (only a few V/K) and much larger for semiconductors (typically a few hundred V/K). 9 A related effect-the Peltier effect-was discovered a few years later by Peltier, 10 who observed that when an electrical current is passed through the junction of two dissimilar materials, heat is either absorbed or rejected at the junction, depending on the direction of the current. This effect is due largely to the difference in Fermi energies of the two materials. These two effects are related to each other, as shown in the definition of the Peltier coefficient, Π αT. The rate at which the Peltier heat is liberated or rejected at the junction (Q P ) is given by Q P αIT, where I is the current through the junction and T is the temperature in kelvin. There are also a number of thermomagnetic effects such as the Hall, Ettingshausen, and Nernst effects that are beyond the scope of this article. The reader is referred to the text by Nolas et al. 5 for a discussion of these effects.
Definition and Description of the Figure of Merit and Thermoelectric Performance
The potential of a material for TE applications is determined in large part by a measure of the material's figure of merit, ZT:* (1) where α is the Seebeck coefficient, σ is the electrical conductivity, ρ is the electrical resistivity, and κ is the total thermal conductivity (κ κ L ϩ κ E , the lattice and electronic contributions, respectively). The power factor, α 2 σT (or α 2 Τ/ρ), is typically optimized in narrow-gap semiconducting materials as a function of carrier concentration (typically ϳ10
19 carriers/cm 3 ), through doping, to give the largest ZT. 9 High-mobility carriers are most desirable, in order to have the highest electrical conductivity for a given carrier concentration. The ZT for a single material is somewhat meaningless, since an array of TE couples is utilized in a device or module.
There are two materials in the TE couple, which is shown in Figure 1 , an n-type and a p-type. Ignoring parasitic contributions that reduce the device performance, such as contact resistance and radiation effects, the resulting figure of merit for the couple (based solely on the TE materials) is given by (2) The coefficient of performance φ (refrigeration mode) and the efficiency η (powergeneration mode) of the TE couple are directly related to the figure of merit shown in Equation 3 for the efficiency. The efficiency (η) of the TE couple is given by the power input to the load (W) over the net heat flow rate (Q H ), where Q H is positive for heat flow from the source to the sink: (3) where T H is the hot-side temperature, T C is the cold-side temperature, and T M is the average temperature. Thus, one can see
that η is proportional to (1 ϩ ZT M ) 1/2 and that the efficiency would approach the Carnot efficiency if ZT were to approach infinity.
Thermoelectric Modules: Devices
The Peltier effect is the basis for many modern-day TE refrigeration devices, and the Seebeck effect is the basis for TE power-generation devices. The versatility of TE materials is illustrated in Figure 1 , which shows a TE couple composed of an n-type (negative thermopower and electron carriers) and a p-type (positive thermopower and hole carriers) semiconductor material connected through metallic electrical contact pads. Both refrigeration and power generation may be accomplished using the same module, as shown in Figure 1 . A TE module or device is built up of an array of these couples, arranged electrically in series and thermally in parallel. Thermoelectric energy conversion utilizes the Seebeck effect, wherein a temperature gradient is imposed across the device, resulting in a voltage that can be used to drive a current through a load resistance or device. This is the direct conversion of heat into electricity. Conversely, the Peltier heat generated when an electric current is passed through a TE material provides a temperature gradient, with heat being absorbed on the cold side, transferred through (or pumped by) the TE materials, and rejected at the sink, thus providing a refrigeration capability. The advantages of TE solid-state energy conversion are compactness, quietness (no moving parts), and localized heating or cooling. In addition, energy in the form of waste heat (0% efficiency) that would normally be lost may be converted into useful electrical energy (Ն7-8% efficiency) using a TE power-generation device.
The best TE materials currently used in devices have ZT 1. This value has been a practical upper limit for more than 30 years, yet there are no theoretical or thermodynamic reasons for ZT 1 as an upper barrier. As seen from Equation 1, ZT may be increased by decreasing κ L or by increasing either α or σ. However, σ is tied to the electronic thermal conductivity, κ E , through the Wiedemann-Franz relationship, and the ratio is essentially constant at a given temperature.
Some of the goals of current research efforts are to find new materials that either raise the current efficiency of TE devices (i.e., increase ZT) or have the capability of operating in new and broader temperature regimes, especially at lower temperatures (T Ͻ 250 K) and higher temperatures (T Ͼ 400 K). Over the past 30 years, Ϸ Ϸ *The expressions for figure of merit, Z and ZT, are used interchangeably in the field of thermoelectrics. Z is the figure of merit with units of 1/K (1/T), and ZT is the dimensionless (unitless) figure of merit. Both must specify the temperature at which the quoted value was obtained. 3 ] and the Si 1-y Ge y system have been extensively studied and optimized for their use as TE materials to perform in a variety of solid-state TE refrigeration and power-generation applications. 11, 12 These traditional TE materials have undergone extensive investigation, and there appears to be little room for future improvement in the common bulk structures. However, recent results on nanostructures of traditional TE materials have shown a promising new direction for these materials. In addition, entirely new classes of compounds will have to be investigated. Figure 2 shows ZT as a function of temperature for the Bi 2 Te 3 and Si 1-y Ge y materials as well as many of the more recent bulk materials that have been developed over the last decade. The ZT of more exotic structures such as superlattices and quantum dot structures are not shown here but are addressed in the article by Böttner et al. in this issue.
Transport Properties
The thermopower, or Seebeck coefficient, can be thought of as the heat per carrier over temperature or, more simply, the entropy per carrier, α C/q, where C is the specific heat and q is the charge of the carrier. 7 For the case of a classical gas, each particle has an energy of 3/2(k B T), where k B is the Boltzmann constant. The thermopower is thus approximately k B /e, where e is the charge of the electron. For metals, the heat per carrier is essentially a product of the electronic specific heat and the temperature divided by the number of Ϸ carriers (N), that is, α C el T/N, and then α is approximately (4) where E F is the Fermi energy (related to the chemical potential of the material).
The Fermi energy is basically the energy such that at T 0, all the states above this energy are vacant and all the states below are occupied. The quantity k B /e 87 V/K is a constant that represents the thermopower of a classical electron gas. Metals have thermopower values of much less than 87 V/K (on the order of 1-10 V/K) and decrease with decreasing temperature, that is, E F Ͼ Ͼ k B T).
In a semiconductor, a charged particle must first be excited across an energy gap E g . In this case, the thermopower is approximated by (5) Thus, the thermopower is larger than the characteristic value of 87 V/K and increases with decreasing temperature. Semiconductors can exhibit either electron conduction (negative thermopower) or hole conduction (positive thermopower). The thermopower for different carrier types is given by a weighted average of their electrical conductivity values (σ n and σ p ): (6) It is necessary to dope the semiconductors with either donor or acceptor states to allow extrinsic conduction of the appropriate carrier type, electrons or holes, respectively. It is apparent that the total thermopower will be lower than that of either of the individual contributions, unless the direct bandgap is large enoughtypically on the order of 10(k B T)-to effectively minimize minority carrier contributions. Typical thermopower values required for good TE performance are on the order of 150-250 V/K or greater. For high-temperature applications, it is important to minimize the contribution of minority carriers in order to maintain a high thermopower. In addition, the thermal stability of the materials is an essential aspect. Atomic diffusion within the materials and interdiffusion of contacts can seriously deteriorate the properties of a given material at high temperatures. Aspects of this are discussed elsewhere. 2, 5 These materials and devices are expected to operate at elevated temperatures for long periods of time without deterioration of their properties or performance. The effects of diffusion and thermal annealing are important to thoroughly investigate and understand in any set of potential TE materials over the expected operating temperature range of the materials.
The description of electrical conductivity for metals and semiconductors has been covered extensively in many texts on solid-state physics, and the reader is referred there. 13 There are a significant number of carriers and states available for conduction in metals, typically n 10 22 carriers/cm 3 . The electrical conductivity is then very large for metals, on the order of 10 6 (Ω cm) -1 . Again, for semiconductors, the carriers must be thermally excited across a gap for conduction to occur, as shown from the activated behavior that is derived for the temperature-dependence of the electrical conductivity [σ σ 0 exp(-E g /k B T)]. There are two primary ways to achieve a high conductivity in a semiconductor, either by having a very small gap to excite across (E g /k B T) or by having very high-mobility carriers, as discussed later. Typical values of the electrical conductivity for a good TE material are on the order of about 10 3 (Ω cm) -1 . The thermal conductivity κ is related to the transfer of heat through a material, either by the electrons or by quantized vibrations of the lattice, called phonons, such that κ κ L ϩ κ E , as mentioned earlier. The electrical conductivity and the thermal conductivity are interrelated, in that σ is tied to κ E through the WiedemannFranz relationship: , and typically, κ L κ E .
Investigating New Thermoelectric Materials
The "Phonon-Glass/ElectronCrystal" Approach Slack has described the chemical characteristics of candidates for a good TE material. 14 He states that the candidates should be narrow-bandgap semiconductors with high-mobility carriers. Mahan has also described the characteristics of good TE materials, 15, 16 agreeing with Slack that the candidate material is typically a narrow-bandgap semiconductor [E g 10(k B T), or 0.25 eV at 300 K]. Also, the mobility of the carriers must remain high ( 2000 cm 2 /V s), while the lattice thermal conductivity must be minimized. In semiconductors, the Seebeck coefficient and electrical conductivity (both in the numerator of ZT) are strong functions of the doping level and chemical composition. These quantities must therefore be optimized for good TE performance. The thermal conductivity of complex materials can often be modified by chemical substitutions, and the lattice thermal conductivity needs to be as low as possible. Understanding these various effects and selecting optimization strategies can be an exceedingly difficult problem, because in complex materials there are often many possible degrees of freedom. Slack suggested that the best TE material would behave as a "phonon-glass/electron-crystal" (PGEC); that is, it would have the electrical properties of a crystalline material and the thermal properties of an amorphous or glass-like material. Materials engineering and the crystal chemistry approach to good TE materials are discussed later.
Minimum Thermal Conductivity
In many areas of research related to new TE materials, attempts are being made to reduce the lattice part of the thermal conductivity to essentially its minimum value, that is, where a minimum lattice thermal conductivity is achieved (when all the phonons have a mean free path essentially equal to the interatomic spacing of the constituent atoms). This is being attempted by scattering phonons in different frequency ranges using a variety of methods such as mass fluctuation scattering (a mixed crystal, in ternary and quaternary compounds), "rattling" scattering, grain-boundary scattering (due to the size of the grains), and interface scattering in thin films or multilayer systems.
Ϸ Ϸ Ϸ
The lattice thermal conductivity is given by κ L (1/3)(v s CL ph ), where v s is the velocity of sound, C is the heat capacity, and L ph is the mean free path of the phonons. At high temperatures (T Ͼ ϳ300 K), the sound velocity and the heat capacity are essentially temperature-independent in typical materials. Therefore, the magnitude and the temperature-dependence of κ L are basically determined by the mean free path of the phonons. Slack defined the minimum thermal conductivity (κ min ) as the thermal conductivity when the mean free path is essentially limited by the interatomic distance between the atoms within the crystal. 17 
Minimum Thermopower
There are certain practical limits for each of the parameters used to calculate ZT. These practical limits must be possible in order to achieve a material viable for thermoelectric applications. For example, in Bi 2 Te 3 , in order to achieve a ZT 1 at T 320 K, σ 1 mΩ cm, α 225 V/K, and κ 1.5 W m -1 K -1
. We have already discussed the ZT "barrier," which in effect is given by minimizing the thermal conductivity. It is practical to investigate materials where the electronic and lattice terms are comparable, on the order of 0.75-1 W m -1 K -1
. Let us look at the hypothetical situation of a material in which the lattice thermal conductivity is zero (κ L 0). We will also assume the scattering in this system is elastic and that the Wiedemann-Franz relationship, slightly rearranged [κ E /σ L 0 T], is well behaved in this material. Then we can rewrite Equation 1 as
Therefore, for a material to be a viable TE material, it must possess a minimum thermopower that is directly related to the value of ZT and L 0 . Given this description, in order to achieve a certain value of ZT, the material would require that α (L 0 ) 0.5 157 V/K for ZT 1, and α (2L 0 ) 0.5 225 V/K for ZT 2. Of course, any "real" material will possess a finite κ L , and these values for the thermopower will have to be higher to achieve the projected values of ZT.
Solid-State Crystal Chemistry Approaches to Advanced Thermoelectric Materials
Thermoelectrics has always been a materials design problem involving intricate tuning of structure-property relationships in complex solids through principles of solid-state chemistry and physics. The dis-
Thermoelectric Materials, Phenomena, and Applications: A Bird's Eye View cussion thus far indicates that new materials must be able to eventually achieve certain minimum values of important parameters in order to be considered as a potential TE material. It does not matter if a material has a κ L κ min ; if it cannot be "tuned" or doped in order to attain a minimum thermopower (150 V/K), it will not be able to achieve ZT 1.
Classical Approach: Bulk Binary Semiconductors
Within the framework of simple electronic band structure of solids, in general, metals are poor TE materials. Hence, most of the early TE work put much emphasis on semiconductors. 18 As stated earlier, in order to have a maximum ratio of electrical to thermal conductivity, the material should have a low carrier concentration, on the order of 10 18 -10  19 cm   3 , with very high mobilities. Crystal structure and bonding strongly influence the mobility. Materials with diamond or zinc-blende structures with a high degree of covalent bonding frequently have high mobilities (e.g., Si, Ge, InSb), but also exhibit high thermal conductivity values. On the other hand, low lattice thermal conductivities are found in conjunction with low Debye temperatures and high anharmonic lattice vibrations. These conditions are best satisfied by highly covalent intermetallic compounds and alloys of the heavy elements such as Pb, Hg, Bi, Tl, or Sb, and S, Se, or Te. Once a material system has been selected with a favorable electrical-to-thermal conductivity ratio, one optimizes the composition to further enhance the ZT by doping the material to maximize the density of states at the Fermi level and achieve a high Seebeck coefficient.
The most studied TE material, Bi 2 Te 3 , crystallizes in a layer structure (Figure 3 ) with rhombohedral-hexagonal symmetry with space group R m (D , and the reduction relative to Si and Ge is apparently due to the increased phonon-phonon and phonon-electron scattering. 19 Remarkably, such a large reduction does not unduly reduce the carrier mobility, and ZT 0.6-0.7 could be realized at elevated temperatures. Due to their exceptional stability at high temperatures (ϳ1200 K), these alloys are of interest to NASA for use in RTGs in deep-space probes. 
Ϸ
Modern Solid-State Chemistry Design Concepts for High-ZT Materials
Complex Inorganic Structures. Most of the earlier investigations mentioned so far focused on binary intermetallic semiconductor systems. Recent approaches to high-performance bulk TE materials focus on ternary and quaternary chalcogenides containing heavy atoms with lowdimensional or isotropic complex structures to take advantage of the large carrier effective masses and low lattice thermal conductivity associated with such systems. 20 Along these lines, CsBi 4 Te 6 possessing the layered structure has been identified as a material showing a ZT of 0.8 at 225 K, which is 40% greater than that of the Bi 2-x Sb x Te 3-y Se y alloys. 21 Other potential low-temperature TE materials currently under investigation are lowdimensional semiconducting or semimetallic doped layered pentatellurides (ZrTe 5 and HfTe 5 ). 22 ), and the materials need to be compositionally tuned further to make them useful as thermoelectrics.
Recently, cubic quaternary compounds with a complex formula Ag n Pb m M n Te m+2n (M Sb, Bi), crystallizing in the PbTe structure, have been reported. 23 The composition AgPb 10 SbTe 12 shows an exceptionally high ZT value (Ͼ2) at elevated temperature (shown in Figure 2 ). This is due to the very low total thermal conductivity of the bulk material, possibly arising from compositional modulations (seen as "nanodots") similar to the one found in superlattices. If this is verified, it provides an additional "knob" to turn to achieve high ZT in bulk materials. Another group of materials under investigation are half-Heusler alloys, with the general formula MNiSn (M Zr, Hf, Ti). A complex composition of the type Zr 0.5 Hf 0.5 Ni 0.5 Pd 0.5 Sn 0.99 Sb 0.01 shows a ZT of 0.7 at T 800 K, highlighting the intricate balance in structure, composition, and property relationships in these compounds. 24 The β-Zn 4 Sb 3 system has been reinvestigated for TE power-generation applications at the Jet Propulsion Laboratory.
25
Crystal Structures with "Rattlers." The method of lowering the lattice thermal conductivity through mixed-crystal or solid-solution formation does not always produce enough phonon scattering to Ϸ lower the lattice thermal conductivity to κ min . Slack's concept of a "phononglass/electron-crystal," described earlier, avoids this limitation. The concept of κ min is successfully verified in crystal structures with large empty cages or voids where atoms can be partially or completely filled in such a way that they "rattle," resulting in the scattering of the acoustic phonons. This approach especially works well in highly covalent semiconductor materials based on clathrates (Si, Ge, or Sn) and void structures formed by heavy elements of low electronegativity differences (e.g., CoSb 3 -based skutterudites). Some doped skutterudites show exceptionally high ZT values at elevated temperatures (ZT 1.5 at 600-800 K). The structure-property relationships of these materials are discussed in the article by Nolas et al. in this issue.
Oxide Thermoelectrics. There are numerous oxides with metal atoms in their common oxidation states that are stable at elevated temperatures and show electrical properties ranging from insulating to superconducting. Nevertheless, oxides have received very little attention for TE applications. This is due to their strong ionic character, with narrow conduction bandwidths arising from weak orbital overlap, leading to localized electrons with low carrier mobilities. This situation changed with the unexpected discovery of good TE properties in a strongly correlated layered oxide, NaCo 2 30 Unfortunately, the large thermal conductivity (15-22 W m -1 K -1 ) lowers the ZT to about 0.2 at room temperature. Recently, the lattice thermal conductivity of this system has been lowered by doping Mn in the interstitial positions, resulting in the increase of ZT to about 0.4 at room temperature. 31 As mentioned earlier, ZT 1 requires a minimum Seebeck coefficient value of 156 µV/K. The correlated metal with the highest Seebeck coefficient is CePd 3 , which has a maximum of 125 V/K at 140 K. 29 Future investigations should focus on increasing the Seebeck coefficients of these materials above ϳ150 V/K through compositional and structural tuning.
Engineered Crystal Lattices.
The approaches in bulk materials research rely heavily on the thermodynamic stability of the phases at a given condition, whereas thin-film deposition can yield metastable "designer" phases with unique properties. Quantum well systems (0D, 1D, and 2D) take advantage of their low-dimensional character through physical confinements in quantum dots, nanowires, and thin-film structures to enhance the electronic properties of a given material. 32 In addition, nanostructured semiconductor materials could scatter mid-to long-wavelength phonons and thereby reduce the lattice thermal conductivity to κ min .
Researchers at the Research Triangle Institute (RTI) have demonstrated a significant enhancement in ZT through the construction of Bi 2 Te 3 /Sb 2 Te 3 superlattices. 33 These materials exhibited ZT 2.4 at T 330 K. The enhancement is attributed to creating a "nanoengineered" material that is efficient in thermal insulation while remaining a good electrical conductor. The thermal insulation arises from a complex localized behavior for phonons, while the electron transmission is facilitated by optimal choice of band offsets in these semiconductor heterostructures. Also, there have been reports on PbTe/PbTeSe quantum dot structures that yield ZT 1.3-1.6. 34 These materials have been grown as thick films that are then "floated off" the substrate to yield freestanding films, which were measured to yield these results. The enhancement in ZT in the superlattice materials appears to be more from a reduction in the lattice thermal conductivity than an increase in power factor.
Summary
Currently, there are no theoretical or thermodynamic limits to the possible Ϸ Ϸ Ϸ Thermoelectric Materials, Phenomena, and Applications: A Bird's Eye View values of ZT. Given the current need for alternative energy technologies and materials to replace the shrinking supply of fossil fuels, the effort is becoming more urgent. Energy-related research will grow rapidly over the next few years, and higher-performance thermoelectric materials and devices are direly needed. Slack estimated that an optimized phononglass/electron-crystal material could possibly exhibit values of ZT 4.
14 This gives encouragement that such materials may be possible and could address many of our energy-related problems. Thus, a systematic search and subsequent thorough investigation may eventually yield these much-needed materials for the next generation of TE devices.
Although many strategies are being employed in hopes of identifying novel TE materials, the PGEC approach appears to be the best, as will become apparent in the following articles. One has to decide whether "holey" semiconductors (materials with cages, such as skutterudites or clathrates) or "unholey" semiconductors (such as SiGe or PbTe) are the best to pursue, and which tuning parameters are available to improve these materials. 35 To date, none of the new materials has displaced the current state-of-the-art materials (Bi 2 Te 3 , PbTe, or SiGe) in a commercial TE device. These materials have held that distinction for more than 30 years.
However, given the many materials yet to be investigated, there is certainly much more work ahead and promise for developing higher-efficiency thermoelectric materials and devices. While the results are very exciting, thin films may be most appropriate for small-scale electronic and optoelectronics applications where small heat loads or low levels of power generation are more appropriate. To address large-scale refrigeration (home refrigerators) or power-generation (automotive or industrial) requirements, higher-performance bulk materials will have to be developed.
Certainly, theoretical guidance, in terms of band structure calculations and modeling, will be essential to identifying the most promising TE materials. In addition, rapid yet accurate characterization of materials and verification of results are also essential in order to effectively advance this field of research. A multidisciplinary Ϸ approach will be required to develop higher-efficiency thermoelectric materials and devices. The techniques used to develop "designer materials" needed for thermoelectrics will most likely prove important in other areas of materials research as well. 
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Introduction
As the search for promising bulk thermoelectric materials intensifies, certain material systems stand out as possessing the highest potential for achieving thermoelectric figures of merit well above unity. These materials possess relatively good electrical properties while maintaining very low thermal conductivities. In some cases, enhancements in the electrical properties have been realized. These results have attracted great attention, and many research laboratories worldwide are now working on one or more of these material systems in order to achieve further improvements in their thermoelectric properties. We discuss some of the bulk thermoelectric materials of primary interest in this article.
Skutterudites
The physical properties of skutterudites depend sensitively on their compositions. This compositional dependence not only provides a means to investigate the structure-property relationships in this material system but also allows the optimization of transport properties for thermoelectric (TE) applications. The diversity of potential compositional variants allows for rich variation in physical properties and is one of the key reasons this material system continues to be investigated by many research groups. One approach for optimizing these materials is void-filling.
The skutterudite-type (CoAs 3 -type) structure is a cubic structure with the space group composed of eight cornershared TX 6 (T Co, Rh, Ir; X P, As, Sb) octahedra. As depicted in Figure 1 , the linked octahedra produce a void, or vacant site, at the center of the (TX 6 ) 8 cluster, occupying a body-centered position in the cubic lattice. This is a large void that can accommodate relatively large metal atoms, resulting in the formation of filled skutterudites. Many different elements have been introduced into the voids of skutterudites, including lanthanide, actinide, alkaline-earth, alkali, thallium, and Group IV elements. [1] [2] [3] The composition can be written as ■ ■ 2 X 8 Y 24 (typically X Co, Rh, or Ir; Y P, As, or Sb), with the symbol ■ ■ illustrating the two voids per cubic unit cell.
The concept of introducing "guest"atoms into these voids to act as strong phononscattering centers, thus greatly reducing the lattice thermal conductivity of these compounds, has resulted in improvements in the TE properties of skutterudites.
1,2 The smaller and heavier the ion in the voids, the larger the disorder that is produced and thus the larger the reduction in the lattice thermal conductivity. Skutterudite antimonides possess the largest voids and are therefore of particular interest for TE applications. Results from Sales et al. 4 and Fleurial et al. 5 show high ZT values (the common figure of merit for comparing different TE materials) at elevated temperatures in LaFe 3 CoSb 12 and CeFe 3 CoSb 12 for both p-type and n-type specimens. ZT values approaching 1.4 above 900°C for these materials have been reported, 5 indicating their successful optimization for TE powerconversion applications.
It should be noted, however, that a small concentration of void-fillers results in a large reduction in thermal conductivity. Five percent of La 6 or Ce, 7 for example, in the voids of CoSb 3 results in a thermalconductivity reduction of ϳ50%, as compared with CoSb 3 . In certain cases, higher power factors have also been obtained with partial filling, as compared with more fully filled, charge-compensated compositions. The aim in investigating partially filled skutterudites is realizing an optimum electron concentration while re-
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Recent Developments in Bulk Thermoelectric Materials
George S. Nolas, Joe Poon, and Mercouri Kanatzidis
Abstract
Good thermoelectric materials possess low thermal conductivity while maximizing electric carrier transport. This article looks at various classes of materials to understand their behavior and determine methods to modify or "tune" them to optimize their thermoelectric properties. Whether it is the use of "rattlers" in cage structures such as skutterudites, or mixed-lattice atoms such as the complex half-Heusler alloys, the ability to manipulate the thermal conductivity of a material is essential in optimizing its properties for thermoelectric applications. ducing the thermal conductivity, thereby maximizing ZT. This is possible, since partially filled, uncompensated skutterudites obey a rigid-band model, with the void fillers being the electron donors. Thus, improved TE properties in partially filled skutterudites are achievable, owing to the combination of a low thermal conductivity with higher power factors as compared with those of nearly fully filled skutterudites. Figure 2 The success of Slack and Tsoukala's 13 "rattling-atom" approach to skutterudite research has lead to ZT Ͼ 1 in a bulk TE material. The research into skutterudite compounds has also led to a greater understanding of thermal transport processes, revealed novel phonon-scattering mechanisms, and resulted in efforts to explore other materials with similar properties to obtain low thermal conductivities while maintaining high power factors. In fact, the field is now focusing on lowthermal-conductivity compounds as a major component in high-ZT thermoelectric materials, as we will see in several examples to follow.
Clathrates
Clathrates are a class of novel materials that can be thought of as periodic solids in which tetrahedrally bonded atoms (typically Ge, Si, or Sn) form a framework of cages that enclose relatively large metal atoms. Clathrates have demonstrated interesting properties that are rare in condensed-matter physics. One of the more interesting of these properties for TE applications is a very low "glass-like" thermal conductivity in Type I clathrates. 14 The Type I structure ( Figure 2 ) can be represented by the general formula X 2 Y 6 E 46 , where X and Y are guest atoms encapsulated in two different polyhedra, while E represents the elements Si, Ge, or Sn.
There have been little data reported on the high-temperature TE potential of these materials, and even less on the optimization of the TE properties of these materials for power-conversion applications. Blake et al. 15 Recently, research was initiated toward optimizing the TE properties of Type I clathrates above room temperature. 17 Power factors approaching 1 W m -1 K -1 for Ge clathrates were obtained at 650 K. Together with the low thermal conductivity achieved in these materials, these data indicate the potential for high ZT values at elevated temperatures. As outlined earlier, attempts at optimizing the TE properties of these interesting materials have only recently begun. Future studies, however, should also focus on other clathrate structure types-Type VIII clathrates, for example. In n-type clathrates, optimization has reached ZT 0.4 at room temperature, 18 with theoretical predictions for ptype clathrates to be ZT 1.2 at 400 K. 19 The Type II clathrate structure (Figure 3 ) is particularly interesting, as it allows for partial filling of the polyhedra, in contrast to the totally filled Type I structure. Thus, the electrical properties of Type II clathrates can be more readily "tuned,"
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Recent Developments in Bulk Thermoelectric Materials allowing for better control of the doping level. 17 In compounds with the Type II structure, the interstitial "guest" atoms that reside inside the polyhedra simultaneously act as electrical dopants and phonon-scattering centers. These properties allow an investigation into the interrelationship between the guest atoms and their atomic cages and how this relationship affects their TE properties.
Half-Heusler Alloys
Half-Heusler (HH) intermetallic alloys have recently received increasing attention as potential TE materials for hightemperature applications. HH phases have the MgAgAs (space group F 3m), 20 or "half-stuffed GaAs," crystal structure, consisting of three interpenetrating fcc sublattices. Their chemical formula is XYZ, where X, Y, and Z can be selected from many different elemental groups.
21 Figure 4 shows the unit cell of TiNiSn, in which Ti and Sn occupy a NaCl lattice and Ni occupies an fcc sublattice. HH phases are semiconductors [21] [22] [23] [24] when the valence count per formula unit is 8 (e.g., LiMgP has a bandgap of 2.4 eV) or 18 (e.g., TiNiSn has a bandgap of 0.3 eV). Some HH alloys are half-metallic ferromagnets and heavy-fermion metals. 22, 25 The narrow bands give rise to a large effective mass that in turn leads to a large thermopower. 26 Because of the large thermopower and spin-polarized band structure, HH alloys have been investigated as thermoelectric and spintronic materials. 21, [25] [26] [27] [28] The chemistries of the three sublattices can be tuned independently. For example, in TiNiSn, doping the Sn site provides the charge carriers, while doping the Ti and Ni sites causes mass fluctuations that can lead to the reduction of thermal conductivity. Many of the refractory metal 26, 27, 29, 30 and lanthanide metal 28 thermoelectric HH alloys exhibit large room-temperature Seebeck coefficients of ϳ100 µV K -1 and moderate electrical resistivities of ϳ1-10 µΩ m. The alloys reported are attractive as high-temperature TE materials, because they are relatively easily synthesized as 100% dense samples. In particular, the refractory-based alloys exhibit high melting points of 1100-1300°C as well as chemical stability and essentially zero sublimation at temperatures near 1000°C.
The effectiveness of doping in achieving improved TE properties has been demonstrated in several HH alloys. [26] [27] [28] [29] [30] [31] [32] Sb-doped TiNiSn alloys exhibit power factors as high as 4.6 W m -1 K -1 at 650 K (380°C). 29 Despite the large power factor values, there exists the challenge of reducing the relatively high thermal conductivity (κ Ն 10 W m
) that is evident in the HH al-4 loys. The effect of disorder induced by differences in mass and atomic size is evident in the reduction of κ.
26-32
Notable progress was made when Shen et al. reported a maximum ZT 0.7 at 800 K in n-type Sb-doped ZrNiSn alloys partially substituted with the heavier Pd atoms in the Ni sublattice. 31 More recently, Sakurada and Shutoh reported maximum ZT values near 1.4 at 700 K in n-type (Zr 0.5 Hf 0.5 ) 0.5 Ti 0.5 NiSn 1-y Sb. 32 Despite failed attempts 33 to reproduce the results of Sakurada and Shutoh, their report has already generated considerable interest in HH alloys, as evidenced by the number of papers on HH alloys presented by researchers at the 2005 International Conference on Thermoelectrics.
Meanwhile, recent approaches have provided new impetus for evaluating the ZT of thermally stable, multicomponent HH alloys measured up to 1100 K. Indeed, the latest research has raised the prospect of achieving a ZT value near 1. In recent studies 33 performed jointly by two groups (University of Virginia and Clemson University), the HH compositions were doped with Sb contents (up to 4%), which is significantly higher than previously reported. This is because it is recognized that higher dopant content can partly mitigate the compensated behavior characterized by a Ϸ rollover in the Seebeck coefficient α observed in n-type alloys at high temperatures. It is believed that the shift of α(T) can lead to a larger power factor and therefore higher ZT. The idea has been verified in some (Ti,Zr,Hf)NiSn quinary alloys when indeed it was found that at higher Sb doping content, the maximum in α 2 σT , where σ is the electrical conductivity, is shifted to a higher temperature. In addition to doping the Sn sites with Sb, the refractory-metal sublattices are simultaneously and randomly occupied by Hf, Zr, and Ti, providing additional tuning for optimizing the power factor as well as fluctuations in the atomic mass and interatomic force for reducing the lattice thermal conductivity. 34 Using the laser-flash method, κ(T) for three complex alloys have been measured up to 1160 K by Tritt. The results are shown in the lower-right inset in Figure M' Co, Ni, and Pt; X Sb and Sn, for example) should also be investigated. Indeed, TiCoSb exhibits a high Seebeck coefficient of ϳ400 µV K -1 at 300 K. Furthermore, one can exploit grain-boundary scattering effects 35 through grain-size refinement. A bottom-up approach has also been used to construct bulk nanostructured samples that result in a lower lattice thermal conductivity.
β β-Zn 4 Sb 3 Alloys
A p-type intermetallic compound most suitable for use as a high-ZT material at moderate temperatures is one of the three modifications of the Zn 4 Sb 3 phase, namely, β-Zn 4 Sb 3 (the other two modifications are the α and γ phases). 37 The β phase has the hexagonal rhombohedric crystal structure (space group R C, unit cell dimensions a 12.231 Å and c 12.428 Å) and is stable between 263 K and 765 K. The highest ZT value reported for β-Zn 4 Sb 3 is 1.4 at 400°C. 38 Apparently, β-Zn 4 Sb 3 starts to decompose into ZnSb and Zn phases above 400°C. Single-phase, polycrystalline samples were made by melting and homogenizing Zn and Sb in sealed quartz ampoules. The obtained ingots were ground into powders. The alloy powders were then hot-pressed to form crack-free samples. In other reports, direct synthesis methods involving hot pressing or spark plasma sintering were also reported. [39] [40] [41] Both single-crystal and polycrystalline samples have been investigated. The power factor in Zn 4 Sb 3 is rather low (ϳ0.87 W m -1 K -1 at 400°C) for a high-ZT material. For comparison, HH alloys have power factors of 3-5 W m -1 K -1 at 400°C. What makes β-Zn 4 Sb 3 a remarkable TE material is its "phonon-glass" behavior, characterized by an unusually low thermal conductivity of ϳ0.9 W m -1 K -1 at 300 K. 42 The already low thermal conductivity in Zn 4 Sb 3 can be further reduced by doping the Zn and Sn sites. 42, 43 However, the doping concentrations are found to be quite limited; only a few percent of In or Sn can be added to substitute Sb without resulting in a two-phase material. Even in the case of substitution with the isostructural compound Cd 4 Sb 3 , the solid-solution range of (Zn,Cd) 4 Sb 3 is limited to only 6 mol% Cd 4 Sb 3 at 400°C. 39 However, no improvement in ZT above the highest recorded value of ϳ1.4 at 400°C has been reported for the doped samples.
The detailed crystal structure of β-Zn 4 Sb 3 has been determined by employing both single-crystal and powder x-ray diffraction methods coupled with maximum entropy analysis. 42, 44 The study has enabled the identification of valence states of Sb atoms that fully occupy the nonequivalent = = 10 . The mass density and composition of the new crystal structure are reported to be in agreement with measurements. The Zn interstitials exhibit large thermal displacements. The glass-like interstitials are largely responsible for the phonon damping that suppresses the lattice thermal conductivity. There is apparently also Sb disorder along the c-axis that can contribute to the glass-like thermal conductivity. Electronic structure and transport calculations using the crystal structure obtained have identified the compound as a p-type semiconductor, 44 in agreement with experimental findings of the doping trend. It was demonstrated that the Zn interstitial atoms play a dual role as electron donors and thermopower enhancers. First-principles calculations of electronic structure and thermoelectric properties have also been performed. 45 The band structure results reveal the covalent tendency of the compound, consistent with the good carrier mobility measured. The high Seebeck coefficient can be attributed to the strong energy-dependence of the Fermi surface topology near band-filling. Recently, study of the low-temperature phase of β known as α-Zn 4 Sb 3 (composition Zn 13 Sb 10 ) reveals an electronic structure similar to that of the β phase with a bandgap of ϳ0.3 eV. 46 Further detailed investigation of the structural and transport property changes across the α ↔ β transition will shed light on the nature of order-disorder transition in this complex crystal system.
Chalcogenides
Chalcogenide compounds comprise a large class of materials that are predominantly semiconductors. Most of the compounds are environmentally stable and can have high melting points. They combine a set of properties that make them suitable for practical thermoelectric applications. Because of the versatility in the choice of element and chalcogen and the suitable electronegativity of the chalcogen elements, which varies little from sulfur to tellurium, it is possible to obtain semiconductors with energy gaps appropriate for TE applications over a wide range of temperature (typically 100-1400 K). Chalcogenide materials have had a prominent position in the field of thermoelectricity going back to its early stages. For example, the cornerstone of today's TE cooling has been the compound Bi 2 Te 3 and its solid solutions Bi 2-x Sb x Te 3 and Bi 2 Te 3-x Se x . 47 Another chalcogenide of importance is PbTe, which has a maximum ZT ϳ 0.8 at ϳ500°C; it has been suitable for power generation at intermediate temperatures.
The germanium-based TAGS (Te-Ag-GeSb) is more efficient than PbTe but has found little use, due to its high sublimation rate and low-temperature phase transition. 48 The past decade has seen a strong resurgence of interest in achieving superior TE performance, and these "old" chalcogenides now have found new forms that have led to more than incremental increases in ZT. [49] [50] [51] ). These possess highly anisotropic structures, low symmetry, and large unit cells, with "loosely" bound electropositive cations in channels formed by extended Bi/Q frameworks, resulting in a low lattice thermal conductivity.
CsBi 4 Te 6
One noteworthy tellurium compound is CsBi 4 Te 6 , which is in fact mixed-valent in Bi and can be viewed as containing Bi 2+ ions that form Bi-Bi bonds. This compound features a strongly anisotropic structure with one of the directions being prominent in terms of its charge transport properties. It possesses a lamellar structure with slabs of (Bi 4 In the last decade, it has been more fully appreciated that thallium chalcogenides tend to possess very low thermal conductivities. Tl 9 BiTe 6 and Tl 2 SnTe 5 are two such noteworthy phases. Tl 9 BiTe 6 belongs to a large group of ternary compounds which can be derived from the isostructural Tl 5 Te 3 (Figure 5b) . 58 Tl 9 BiTe 6 can be optimized to exhibit ZT ϳ 1.2 at 500 K, mainly due to its extremely low lattice thermal conductivity of ϳ0.39 W m -1 K -1 at 300 K. This value is nearly the same as the one reported for the PbSe 0.98 Te 0.02 /PbTe quantum dot superlattices grown by molecularbeam epitaxy.
The Tl 2 SnTe 5 is a tetragonal phase, with chains of (SnTe 5 ) 2-running parallel to each other and charge-balancing Tl ϩ ions situated in between (Figure 5c ). The Tl ϩ ions are in an eightfold-coordinated site with relatively long Tl-Te bonds. These long bonds produce very low-frequency phonons, which is one of the main reasons that the compound has a very low thermal con-
). This compound can be optimized to a ZT of ϳ1 at 500 K.
59
Another interesting Tl-containing compound is Ag 9 TlTe 5 . It is isostructural to Ag 2 Te, which has an even lower lattice thermal conductivity than Tl 2 SnTe 5 , as shown in Figure 5d . 60 Ag 9 TlTe 5 combines extremely low thermal conductivity and relatively low electrical resistivity to give ZT 1.23 at 700 K. Unfortunately, thallium-containing compounds are unlikely to be accepted for practical use, due to significant toxicity and environmental issues. Nevertheless, they are interesting from a scientific standpoint, as they could teach us a great deal about thermal conductivity and ZT optimization.
AgPb m SbTe m+2
Recently, the family of chalcogenide lead-based compounds, AgPb m SbTe m+2 , or LAST-m materials ("LAST" for "lead antimony silver tellurium"), were revisited, and several suitably doped members were reported to exhibit large ZT values from ϳ1.2 (LAST-10) to ϳ1.7 (LAST-18) at 700 K. 61 A large number of compositions can be generated by changing m. This family of compounds is compositionally complex, yet its members possess an average NaCl structure. Research work conducted on The metals Ag, Pb, and Sb were reported as sitting on Na sites, while the chalcogen atoms occupied the Cl sites. However, recent work has shown that this is not the case. 63 Electron microscopic examination of AgPb 18 SbTe 20 samples revealed significant compositional modulations on the 1-10-nm scale manifested in a variety of ways, including endotaxially dispersed quantum dots (see Figure 5e ). This indicates that they are not solid solutions, raising important new questions as to the significance and impact of these nanostructured features on TE properties. The nanocrystals are endotaxially embedded in the matrix, with a good lattice match on all surrounding surfaces (mismatch of ϳ2-4%). This endotaxy occurring in these materials could be highly conducive to facile carrier transport throughout the sample.
The very high number of nanocrystalmatrix interfaces could provide a formidable barrier to phonon transmission in the bulk sample, thereby setting the foundation for a marked enhancement in ZT relative to that of the classical solid-solution system. The LAST materials show exceptionally low lattice thermal conductivity of ϳ0.45 W m -1 K -1 at 700 K (actual value depends on m). Experimental results indicate that the formation of the nanostructures and the TE performance of these materials are very sensitive to the synthesis conditions and small changes in chemical composition.
Summary
Investigations into materials with low thermal conductivity, and the reduction in thermal conductivity of other materials systems, are now key aspects of research into advanced thermoelectric materials. An understanding of thermal transport in new materials can provide a means to incorporate good electrical properties with low thermal conductivity and result in improved TE performance. Whether it is the use of "rattlers" in cage structures such as skutterudites or mixed-lattice atoms such as the complex half-Heusler alloys, the ability to manipulate the thermal conductivity of a material is essential in obtaining good TE materials. For example, the low thermal conductivity of chalcogenides is a key property that leads to high ZT values for these materials. A detailed understanding of the phonon propagation in these systems is thus desirable. Undoubtedly, additional work is needed to better understand these materials systems. However, as proposed by Slack in the early 1990s, the phonon-glass/electron-crystal approach continues to be the most fruitful method of research in our search for higherperformance thermoelectric materials.
Introduction
Waste heat from automobiles, factories, and similar sources offers a high-quality energy source equal to about 70% of the total primary energy, but it is difficult to reclaim because its sources are small and widely dispersed. Thermoelectric (TE) generation systems offer the only viable method of overcoming these problems by converting heat energy directly into electrical energy irrespective of source size and without the use of moving parts or the production of environmentally deleterious wastes. The requirements placed on materials needed for this task, however, are not easily satisfied. Not only must they possess a high conversion efficiency, but they must also be composed of nontoxic and abundantly available elemental materials having high chemical stability in air, even at temperatures of 800-1000 K. Oxide materials, such as those used in the present study, are particularly promising for TE applications because of their stability even at high temperatures in air.
The challenge of creating novel TE oxides has recently motivated investigations from various materials viewpoints. As it is difficult to control an electronic system and a phonon system simultaneously in a simple crystalline field, a complex crystal composed of more than two nanoblocks with different compositions and structural symmetries, the so-called hybrid crystal, is considered to be effective in controlling electron and phonon transport separately, thus enhancing the total conversion efficiency.
Layered cobalt oxides, such as Na x CoO 2 and Ca 3 Co 4 O 9 , can be regarded as consisting of complex crystalline fields. [1] [2] [3] [4] In these oxides, CoO 2 nanosheets possessing a strongly correlated electron system serve as electronic transport layers, while sodium ion nanoblock layers or calcium cobalt oxide misfit layers serve as phononscattering regions to achieve low thermal conductivity. 5, 6 This fact inspired us to generate high-performance TE materials from natural superlattices or hybrid crystals that are composed of the periodic arrangement of nanoblocks or nanosheets possessing different TE functions.
TE modules using oxide materials have been reported; 7, 8 however, their performance is much lower than expected, considering the properties of their starting materials. This is thought to be because the contact resistance is very high at electrodes in which oxide/metal junctions are usually formed, thus severely limiting the magnitude of the output power. Moreover, cracking and exfoliation due to the great difference in thermal expansion between oxides and metals are also serious problems. Given the high temperatures (Ͼ773 K) of applications with TE oxides, conventional materials and methods for constructing electrodes cannot be used. Accordingly, the preparation of electrodes possessing good mechanical and electrical properties is considered to be one of the most important issues in realizing TE power generation. Here, we describe TE properties of p-type layered CoO 2 and ntype Sr nϩ1 Ti n O 3nϩ1 materials. The fabrication of modules composed of TE oxides will be demonstrated, along with their power-generating properties.
Nanoblock Integration
Crystals, in general, can be regarded as being composed of coordination polyhedra as structural units, and they are connected with each other to form nanoblocks or nanosheets as physical property units. So if more than two kinds of unit nanoblocks, with different compositions and symmetries, are integrated into superlattices or hybrid crystals, each block can play its own role in generating a specific function, and hence, electron and phonon transport can be independently controlled (Figure 1 ). These functions are combined to give rise to high TE performance. Interfacial effects may be generated, leading to further performance enhancements.
p-Type Oxides:Thermoelectric Properties of the Layered Co Oxides
At present, more than ten layered Co oxides have been discovered since the discovery of the good p-type TE properties of Na x CoO 2 .
1 The crystal structure of Na x CoO 2 is schematically shown in Figure 2a , in which the CdI 2 -type CoO 2 layer and the Na layer alternately stack along the c-axis. The Na content x is varied from 0.3 to 1.0, which concomitantly changes the crystal structures indexed as the α, αЈ, β, and γ phases. [9] [10] [11] In particular, the hydrated x ϭ 0.35 sample exhibits a superconducting transition at 5 K. 12 Good TE properties are observed near x ϭ 0.55-0.7 (the γ phase), which has been called NaCo 2 O 4 after Jansen and Hoppe, 13 who first synthesized this compound in the 1970s. Figure 2b corresponds to the Ca-based Co oxide that has been known as Ca 3 Co 4 O 9 .
2 Recently, its crystal structure was precisely analyzed and found to be a misfit-layer compound composed of alternate stacks of the hexagonal CoO 2 layer of CdI 2 type and the square Ca 2 CoO 3 layer of NaCl type.
3,4 Such a "hexagon-on-square" structure causes a highly distorted interface and a b-axis lattice misfit. Figure 2c shows the crystal structure of the Bi-based Co oxide Bi 2 Sr 2 Co 2 O y that was thought to an isomorphic material to the hightemperature superconducting Cu oxide Bi 2 Sr 2 CaCu 2 O 8 .
14 This material is the second example of the misfit-layered oxide, consisting of the CoO 2 layer and the Bi 2 Sr 2 O 4 layer. 15, 16 In this particular compound, a modulated structure is superimposed in the Bi 2 O 2 plane, giving an extremely complicated structure. Figure 3a shows the resistivity ρ of the three Co oxides along the in-plane direction. Note that the misfit oxides exhibit substantial in-plane anisotropy due to the hexagonal lattice being distorted by the square NaCl-type layer (the block layer), and only the b-axis data are shown here. The most conducting compound is Na x CoO 2 , where a low ρ of 200 µ⍀ cm at 300 K decreases in a metallic-like fashion with decreasing temperature down to 1.5 K.
1 This is as conductive as the superconducting Cu oxides, meaning that the layered Co oxide is one of the most conductive layered oxides. One thing to note is that there is no indication of localization at low temperatures, which is quite unusual in a quasi two-dimensional conductor. Furthermore, the Na layer is highly disordered by randomly distributed vacant sites, which could act as a strong scatterer for the conduction electrons. Thus, the conduction electrons in the CoO 2 layer seem to be free from the disorder in the Na layer, like the "charge confinement" in the high-temperature superconducting Cu oxides. The other two compounds show a fairly large ρ of 1-10 m⍀ cm at 300 K, with an upturn below ϳ50 K. 17, 18 This upturn is due to a pseudogap gradually opening in the density of states at low temperatures. 19 Figure 3b shows the Seebeck coefficient α of the three Co oxides along the in-plane direction (the b-axis data for the misfit oxides). The magnitude of α is as large as 100-150 µV K Ϫ1 at 300 K, comparable with that of conventional TE semiconductors. Koshibae and co-workers 20 Figure 3c shows the thermal conductivity κ of the three Co oxides along the inplane direction (the b-axis data for the misfit oxides). 5 Clearly, a more complicated block layer shows lower κ, implying that is predominantly determined by the Complex Oxide Materials for Potential Thermoelectric Applications block layer. Thus far, high κ was expected for oxides, because oxygen is a light atom. However, this is not always true: in the layered Co oxides, the lattice thermal conductivity is determined by cations in the block layer rather than by oxygen anions.
The layered structure works quite well in two ways. The first is that the electric current and the thermal current flow in different paths in space. 5, 21 This enables us to control the lattice thermal conductivity by properly choosing the insulating block layer. This is a manifestation of so-called "phonon-glass/electron-crystal" behavior, 22 and we call this type of material design "nanoblock integration." The other way is that the CdI 2 -type CoO 2 block favors the low spin state of Co 3ϩ and Co
4ϩ
, which holds the large α at high temperatures. In the case of the perovskite cobalt oxide R 1-x M x CoO 3 (R ϭ rare-earth, M ϭ alkalineearth), the high spin state of Co 3ϩ seriously suppresses α. 23 These favorable conditions rarely occur in other transitionmetal oxides, most of which show poor TE properties. One exception is the layered Rh oxides, where a nanoblock integration works well. 24, 25 n-Type Oxides: Thermoelectric Performance of Heavily Doped n-Type SrTiO 3 Strontium titanate (STO), heavily doped with donor dopants, has recently been found to show fairly good TE properties at room temperature. 26 STO has an isotropic cubic crystal structure (perovskite-type) and is known to have an electronic band structure in which the conduction band is made of the Ti 3d orbitals. 27 Band degeneracy N c is 6 including the spin degeneracy with the bandgap energy of ϳ3.2 eV. 26 Possibly due to the d-band nature, the effective mass m* of carrier electrons is quite large; m* ϭ (1.16ϳ10)m 0 , where m 0 is the free electron mass. 26, 28 The values for m* estimated from the temperature-dependence of α were ϳ6m 0 and ϳ7m 0 for La-doped STO and Nbdoped STO, respectively. 29 This large effective mass gives rise to a large α Ͼ 0.1 mV K -1 at 300 K and increases monotonically with increasing temperature. La-and Nbdoped (ϳ10 20 -10 21 cm
Ϫ3
) STO single crystals behave as degenerate semiconductors, and their electrical conductivity σ becomes as high as ϳ10 3 S cm Ϫ1 at 300 K. It decreases gradually with increasing temperature, which is consistent with the temperaturedependence of Hall mobility µ (ϳ10 cm 2 
V
Ϫ1 s Ϫ1 at 300 K), but it decreases proportionally to T Ϫ2.0 below ϳ750 K and T
Ϫ1.5
above ϳ750 K. The temperature-dependence of Hall mobility indicates that the carriers are scattered by polar optical phonons below 750 K, while acoustic phonon scattering becomes predominant above ϳ750 K. 29 It should be noted that the power factor α 2 σ of the heavily donor-doped STO reaches ϳ2 ϫ 10 Ϫ3 W m Ϫ1 K Ϫ2 at 300 K, which is comparable with that of conventional TE materials such as bismuth telluride. This fact strongly indicates that the electron system of STO has high potential for TE performance.
Accordingly, we have attempted to clarify the practically achievable maximum thermoelectric figure of merit ZT of STO by carefully evaluating the transport properties of the single crystal and epitaxially grown thin-film samples of good quality. 30 Figure 4 shows the temperature-dependence of ZT for Laand Nb-doped STO. 31 It can clearly be seen that the maximum ZT ϭ 0.37 is obtained from 20% Nb-doped STO (Nb concentration ϳ4.0 ϫ 10 21 cm
Ϫ3
) at ϳ1000 K. Actually, Nb doping gives rise to larger effective mass, m*, of carrier electrons than La doping, because Nb with a larger ionic radius than Ti expands the lattice and enhances the carrier localization, while La doping leads to a smaller effective mass of electrons. The large effective mass keeps ␣ values from greatly decreasing, even at high carrier concentration, and this fact makes Nb-doped STO a good base material for TE application.
However, the maximum ZT value of 0.37 is still too low compared with stateof-the-art materials whose ZT exceeds 1.0 or even 2.0. 32 The factor most responsible for the low ZT of STO is its high κ, ϳ10 W m Ϫ1 K Ϫ1 at 300 K, which cannot become lower than ϳ3 W m Ϫ1 K Ϫ1 at 1000 K, even though it decreases with increasing temperature. 29 Muta et al. doped STO with various rare-earth ions substituting for strontium sites and found that Dy is the most effective in reducing κ down to 3.4 W m Ϫ1 K
Ϫ1
at 300 K and in increasing the figure of merit up to 3.84 ϫ 10 Ϫ4 K Ϫ1 at 573 K. 33 They further tried to reduce κ through substituting Ba for Sr and found that the intermediate composition gives the lowest κ of ϳ3.3 W m Ϫ1 K Ϫ1 at 300 K and the highest figure of merit of ϳ3.0 ϫ 10 Ϫ4 K -1 at 400-600 K. 34 However, conventional solid-solution approaches do not appear to be very effective in suppressing the thermal conduction in STO.
Natural Superlattices: Hybrid Crystals
Based on the concept of nanoblock integration, we are interested in the Ruddlesden-Popper phases, Sr nϩ1 Ti n O 3nϩ1 [SrO(SrTiO 3 ) n , n ϭ integer] that exist as a homologous series between SrTiO 3 and SrO. 35 These phases have layered perovskite structures in which SrO and (SrTiO 3 ) n layers are alternately stacked periodically (Figure 5) . 35, 36 These oxides can be regarded as natural superlattices, and therefore sublattice interfaces are expected to change the phonon behavior to suppress thermal conduction and improve the TE performance.
In our preliminary experiment, Nbdoped STO polycrystal and STO-327 polycrystal (n ϭ 2, Sr 3 Ti 2 O 7 ) that possess similar carrier densities were employed for the measurement to compare their TE properties. 37 It is clearly seen in Table I that σ of STO-327 is slightly larger than that of STO, while α is slightly smaller. This finding is considered to be reasonable, if it is taken into consideration that the effective mass of carrier electrons in STO-327 is lower than that in STO. 38 The κ value of STO-327 is about half that of STO. This finding firmly suggests that the formation of a hybrid crystal with 36 Each octahedron consists of TiO 6 . The solid black dots denote Sr ions. a layered structure leads to enhanced scattering of phonons that are responsible for thermal conduction. As shown in Figure 6 , the κ values of STO-327, STO, and SrO all decrease with increasing temperature (proportional to T Ϫ1 ), indicating that the phonon-phonon scattering is dominant for thermal conduction in all cases. 39 A reduction in the κ value of STO-327 would have been caused by suppression of the mean free path of phonons possibly associated with the formation of sublattice interfaces. This should be further verified by a more careful experiment employing high-quality single-crystal samples.
Thermoelectric Oxide Modules
Constructing Good Oxide/Metal Junctions
41
Bulk materials of p-type Ca 2.7 Bi 0.3 Co 4 O 9 (Co-349) and n-type La 0.9 Bi 0.1 NiO 3 (Ni-113) were prepared using a hot-pressing technique in order to align the Co-349 grains and to densify. Both p-and n-type hotpressed plates were cut to provide a leg element area of 3.7 mm ϫ 4.5 mm and a leg element length of 4.7 mm. The length direction was made perpendicular to the hot-pressing axis for the purpose of inducing a temperature gradient.
An alumina plate 5.0 mm wide, 8.0 mm long, and 1.0 mm thick was used as a substrate. Ag paste was applied to one side of the alumina plate and solidified by heating to achieve electrical conduction. Ag paste was mixed with p-type oxide powder for connection of the p-leg and with n-type oxide powder for connection of the n-leg. The compositions of the oxide powders used were identical to those of the p-and n-legs. The same precursor powders were pulverized by ball milling to obtain a grain size smaller than 10 m and then were mixed in varying ratios with the Ag paste (0 wt%, 1.5 wt%, 6 wt%, or 10 wt% oxide/Ag paste). After connection of the legs and substrate, the wet Ag paste was dried at 373 K and solidified by heating at 1073 K in air. Figure 7 shows the temperaturedependence of internal resistance R I for different versions of the unicouple constructed using the Ag paste containing various weight percentages of oxide powders. Since the difference in ρ values for each leg among the samples is Ͻ10%, the incorporation of the oxide powders is seen to be effective in reducing R I . This is due to the reduction of contact resistance R c between the oxide leg elements and the Ag paste. Considering the resistance of Ag on the substrate, R c at 950 K accounts for 12.5% and 56.8% of total R I for the unicouples connected using the 6 wt% and 0 wt% oxide/Ag pastes, respectively. An increase in R I , however, is observed when the 10 wt% oxide/Ag paste is used.
Output power P max of the unicouple with 6 wt% oxide/Ag paste increases with hotside temperature T H and reaches 177 mW at T H ϭ 1073 K and a temperature difference ⌬T between hot-and cold-side temperatures of 500 K. One of the strong points of unicouples fabricated in this manner is their high power density, which would allow a large amount of electrical power to be generated by a small, lightweight TE module. In the same oxide TE unicouple, the volume power density is 0.96 W cm Ϫ3 at T H ϭ 1073 K.
Fabrication and Properties of a 140-Couple Module
42
The p-type Co-349 and n-type Ni-113 bulks were prepared by hot-pressing, as mentioned previously. The resulting hotpressed plates were cut into p-and n-type legs with a height of 5.0 mm and a crosssectional area of 1.3 mm ϫ 3 mm. The legs (140 couples) were inserted alternately into the Al 2 O 3 meshes for electrical contact in series. An Ag paste containing 6 wt% of the Co-349 powder was used to reduce the R c and the differential of thermal expansion between the oxide legs and the Ag electrodes. The Ag paste was solidified by annealing at 1123 K under uniaxial pressure of 6.4 MPa for 5 h in air. The dimensions of this module are 53 mm long, 32 mm wide, and 5.0 mm thick.
The power-generating property of the module at T H ϭ 1072 K and a ⌬T ϭ 551 K is shown in Figure 8a . Open-circuit voltage V o , which corresponds to the intercept of current (I) versus voltage (V) lines, reaches 4.5 V. In the fabrication of this TE module, a critical issue is how to make electrodes that will provide low R c between the oxide and Ag materials as well as a mechanically strong connection. In the module presented here, this concern has been overcome through the use of a Ag paste containing oxide powder to connect the legs and Ag electrodes.
A lithium-ion battery mounted in a mobile phone was charged by a 140-couple 
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module using a small burner and pan of water ( Figure 9 ). This phenomenon indicates that applications of oxide modules can extend not only to generators for the recovery of high-temperature waste heat emitted by automobiles, factories, and similar sources, but also to portable generators for charging portable phones, personal computers, and other electronic devices.
Summary
It has been eight years since the first report of the thermoelectric properties of the TE oxide material Na x CoO 2 . Finally, TE modules consisting of oxide legs possessing good electrical and mechanical properties have been fabricated. Unfortunately, their conversion efficiency is lower than conventional TE modules. In order to enhance the thermoelectric properties of oxide modules, new materials with higher ZT values, especially n-type materials, are indispensable. The discovery of such oxides according to the concept of nanoblock integration is earnestly desired.
Introduction
Ideas in using superlattices to improve the thermoelectric figure of merit (ZT) through the enhancement of electronic conductivity and reduction of phonon thermal conductivity were first discussed in a workshop by M.S. Dresselhaus, T. Harman, and R. Venkatasubramanian. Subsequent publications from Dresselhaus's group on the quantum size effects on electrons drew wide attention and inspired intense research, both theoretical and experimental, on the thermoelectric properties of quantum wells and superlattices. 3 and PbSeTe/PbTe quantum dot superlattices 4 ( Figure 1) . The large improvements observed in these materials systems compared with their parent materials are of great importance for both fundamental understanding and practical applications.
Superlattices are anisotropic. Different mechanisms to improve ZT along directions both parallel (in-plane) and perpendicular (cross-plane) to the film plane have been explored. Along the in-plane direction, potential mechanisms to increase ZT include quantum size effects that improve the electron performance by taking advantage of sharp features in the electron density of states, 2 and reduction of phonon thermal conductivity through interface scattering. 5 Along the cross-plane direction, one key idea is to use interfaces for reflecting phonons while transmitting electrons (phonon-blocking/electrontransmitting), 6 together with other mechanisms, such as electron energy filtering 7 and thermionic emission, 8 to improve electron performance. These mechanisms have been explored through a few superlattice systems whose constituent materials have reasonably good thermoelectric properties to start with, V-VI materials such as Bi 2 Te 3 /Sb 3 Te 3 , 3,9 IV-VI materials such as PbTe/PbSe, 4,9 and V-V materials such as Si/Ge [10] [11] [12] and Bi/Sb, 13 with the most impressive results obtained in Bi 2 Te 3 superlattices 3 and PbTe-based quantum dot superlattices. 4 The large ZT improvements observed in these superlattices shattered the ZT ϳ 1 ceiling that persisted until the 1990s, opening new potential applications in cooling and power generation using solidstate devices. Much research is needed in materials, understanding, and devices to further advance superlattice thermoelectric technology. In this short article, we will give a summary of the past work, emphasizing the materials aspects of superlattices, while commenting on current understanding or lack of it, and some aspects of the device research. We refer to other review articles for more in-depth discussions on these topics.
5,6,14-19
Materials and Properties
The work on quantum well and superlattice-based thermoelectric materials mostly focused on perfect (i.e., epitaxial) layer systems. So it was not surprising that, due to the extensive worldwide experience in IV-VI epitaxy, 20, 21 approaches were taken to use this material system to prove the quantum confinement as well as the acoustic phonon scattering. 4, 9 As Bi 2 Te 3 -based materials have the highest ZT around room temperature, successful efforts were started to develop suitable epitaxial systems for the V-VI compound family. 9, 22 It is worth mentioning that both IV-VI and V-VI semiconductor material families have a useful structural relationship (Figures 2a and 2b) . 23 The current thin-film device technologies for IV-VI and V-VI compounds use either one or the other of these two material systems. Mixed staggered IV-V/V-VI superlattice thin-film devices are not known so far.
V-VI Superlattices
Venkatasubramanian and co-workers reported Bi 2 Te 3 -based superlattices grown by metallorganic chemical vapor deposition (MOCVD) on GaAs substrates. 22 The GaAs substrates were chosen for their ease of cleaning prior to epitaxial deposition and the fact that substrates with 2-4Њ misorientation with respect to 〈100〉 can be conveniently obtained. It is important to note that these trigonal-structured Bi 2 Te 3 materials are grown on GaAs with fcc structure. The misorientation allows the initiation of the epitaxial process at the kink sites on the surface, thereby allowing the growth of mismatched materials. The growth of Bi 2 Te 3 -based materials, with the rather weak van der Waals bonds along the growth direction, requires a lowtemperature process. A low-temperature growth process leads to high-quality, abrupt superlattice interfaces with minimal interlayer mixing, and also allows the growth of highly lattice-mismatched materials systems without strain-induced three-dimensional islanding. Figure 3 shows a high-resolution transmission electron micrograph of a Bi 2 Te 3 /Sb 2 Te 3 superlattice on a GaAs substrate, delineating the two very different crystalline orientations. In situ ellipsometry has been used to gain further nanometer-scale control over deposition. 24 As V-VI epitaxy is rather a scientific "virgin soil," it is not surprising that even for the single homogeneous V-VI layers of the central compound Bi 2 Te 3 , only minimal information regarding thin-film deposition and thermoelectric property characterization can be found. The problem of a low Te sticking coefficient is discussed in Reference 25. Different film growth methods based on MBE, 9, [25] [26] [27] MOCVD, 22 flash evaporation, [28] [29] [30] and coevaporation 31, 32 have been used to grow single layers and superlattices on various substrates. Nurnus et al. 23 used a rather high deposition temperature compared with that used in MOCVD but were still able to obtain high-quality (Bi 2 . A critical item in maintaining the outstanding ZT of superlattices is their stability against cation (p-material) and anion (n-material) interdiffusion. Results reported by Nurnus et al. 23, 33 strongly indicate a dependence of the superlattice stability against diffusion on perfection of the layer structure.
Recently, sputtering as a new deposition method for forming V-VI superlattices 35 was tested. Starting with alternating element layers, the corresponding superlattice thermoelectric compounds were formed by a subsequent annealing procedure. Here, at lower temperatures, the anions in the n-("Se/Te") alloy system or the cations in the p-("Bi/Sb") alloy system tend to interdiffuse while compounding the thermoelectric material. Taking into account the results by Johnson, 36 who succeeded in forming superlattices in the V-VI materials system using "modulated elemental reactants," it can be concluded that besides alternating layers, a necessary condition for the formation of superlattices is to deposit layers that are as perfectly oriented as possible in order to obtain optimum diffusion stability for reliable final devices. For the case of perfect coriented layers, the fast diffusion paths are
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Aspects of Thin-Film Superlattice Thermoelectric Materials, Devices, and Applications blocked, even in the case of the nonepitaxially arranged layers, according to Johnson's work. 36 If the interdiffusion is blocked in the a-plane, superlattices will be stable until the intrinsic interdiffusion in the c-direction is activated at significantly higher temperatures. For the V-VI compounds, it is well known that the interdiffusion coefficients in the c-direction are normally smaller, by decades, than in the a-direction. 37 The ZT values of V-VI-based superlattices can be measured in either in-plane or cross-plane directions. So far, the largest enhancement is in the cross-plane direction, with the major gain coming from the thermal conductivity reduction. Venkatasubramanian reported a cross-plane ZT ϳ 2.4 at room temperature for the p-type Bi 2 Te 3 -Sb 2 Te 3 superlattices with a period of ϳ6 nm. 4 In such superlattices, the electronic power factor is in the range of 40
, comparable to or higher than standard bulk p-type Bi 2 Te 3 solid-solution alloys measured along the a-b axis. However, the phonon thermal conductivity (κ p ) dropped to 0.22 W/m K, about a factor of 5 lower than that of bulk alloys along a-b axis. Lambrecht et al. 38 determined an in-plane reduction of the total thermal conductivity (electrons and phonons) down to 65%, compared with homogenous Bi 2 Te 3 for n-type Bi 2 Te 3 /Bi 2 (Se 0.12 Te 0.88 ) 3 superlattices with a 10-nm period.
IV-VI Superlattices
IV-VI nanolayers have been successfully grown for more than a decade for IV-VI infrared lasers. 39 Because of its physical and chemical properties, the IV-VI materials system is relatively easy to handle, compared with the V-VI compounds, particularly for epitaxial growth.
Thus, a lot of literature can be found on the growth details and layer properties of IV-VI nanolayer stacks. 40, 41 Here, we summarize results exclusively focused on thermoelectric applications.
The initial effort in IV-VI systems was focused on electron confinement effects. Using MBE-grown PbTe/Eu x Pb 1-x Te, Harman and co-workers showed an increased electron power factor (α 2 σ) inside the quantum wells along the in-plane direction, 42, 43 as predicted by Hicks and Dresselhaus. However, the barriers in multiple quantum wells (MQWs) degrade the overall ZT, because they conduct heat without contributing to electron performance. Harman and co-workers further explored various IV-VI superlattices. They found that in PbTe/Te superlattices, obtained by the addition of a few nanometers of Te above the PbTe layer, ZT increased from 0.37 to 0.52 at room temperature, and this increase was associated with the formation of quantum dot structures at the interface. 44 The Harman group further discovered experimentally that quantum dot superlattices based on PbTe/PbSe x Te 1-x (with x ϳ 0.98) have an even higher ZT. 45 The quantum dot formation is due to the lattice mismatch between PbTe and PbSeTe 40 ( Figure 4 ). PbTe-based quantum dot superlattices with a total thickness of 100-200 µm have been grown with good thermoelectric properties along the in-plane direction. 4 PbTe/PbSeTe n-type quantum dot superlattices were obtained by Bi doping, and ptype quantum dot superlattices were obtained through Na doping. The best bulk PbTe-based alloys have a room temperature ZT of ϳ0.4. Harman et al. 4 reported n-type PbTe/PbSeTe quantum dot superlattices with ZT 1.6 at room temperature, compared with ZT ϳ 0.4 in the best bulk PbTe alloys, and inferred that quaternary superlattices based on PbTe/ PbSnSeTe have a room temperature ZT of ϳ2. For the ternary PbTe/PbSeTe superlattices, the factor of 4 increases come mainly from a large reduction in the thermal conductivity, while the power factor remains similar to that of the bulk, albeit at different optimum carrier concentrations. The combined electron and phonon thermal conductivity (κ e ϩ κ p ) drops from bulk values of ϳ2.5 W/m K to 0.5 W/m K. Considering that the electronic contribution to thermal conductivity for both superlattices and bulk materials is ϳ0.3 W/m K, a significant phonon thermal conductivity reduction is obvious.
Böttner and co-workers studied the inplane thermoelectric properties of n-and p-doped PbTe/PbSe 0.20 Te 0.80 systems. 9, 46 Compared with corresponding bulk PbSe x Te 1-x material, a significant reduction in the thermal conductivity parallel to the growth direction was measured. Together with nearly unchanged power factors, an in-plane ZT enhancement of up to 40% at Aspects of Thin-Film Superlattice Thermoelectric Materials, Devices, and Applications a temperature of 500 K was estimated. Recently, Caylor et al. 47 reported their effort in growing PbTe/PbSe superlattices.
Other Superlattice Systems
Nurnus and co-workers studied IV-VI/V-VI heteroepitaxial layers to evaluate quantum confinement in V-VI layers using suitable "wide-bandgap" IV-VI alloys such as Bi 2 Te 3 /Pb 1-x Sr x Te, 33, 48 including results involving stability against annealing. The practical use of the concept (Figure 2 ) of a structural relationship between IV-VI and V-VI compounds was recently proved by Caylor et al., who deposited Bi 2 Te 3 on a standard GaAs substrate as a buffer layer, followed by a IV-VI superlattice. 47 They found out, surprisingly, that superlattices in (111) and (100) orientations grow simultaneously at lower temperatures.
Other superlattice systems have been studied for their thermoelectric properties, such as Si/Ge superlattices, [10] [11] [12] Bi/Sb superlattices, 13 and skutterudite-based superlattices. 49 Si/Ge and Si/SiGe alloy superlattices have shown a large reduction in thermal conductivity compared with that of homogeneous alloys in the crossplane direction, 10, 11 while in the in-plane direction, thermal conductivity values are comparable with that of the homogeneous alloy with equivalent composition to the superlattices. 50 Despite the reduction in thermal conductivity, there are no conclusive results on the figure of merit because of difficulties in measuring the thermoelectric properties of very thin films. Reported measurements of the thermoelectric properties of Bi/Sb and skutterudite superlattices are scarce and not conclusive.
51,52
Characterization of Thermoelectric Properties
Thermoelectric property measurements in many cases have been the bottleneck in the development and understanding of superlattice-based materials. 53 Because of anisotropy, all thermoelectric properties, including the Seebeck coefficient α, electrical conductivity σ, and thermal conductivity κ, should be measured in the same direction and, ideally, on the same sample. Along the in-plane direction, thermal conductivity is usually the most difficult parameter to measure. However, the substrate and the buffer layers can also easily overwhelm the Seebeck coefficient and electrical conductivity measurements. The need to isolate the properties of the film from those of the substrate and the buffer layer often influences the choice of the substrate and the film thickness in the growth of superlattices. In the cross-plane direction, the 3ω method and the pumpand-probe method are often used to measure the thermal conductivity of superlattices. 54, 55 However, measuring the Seebeck coefficient and the electrical conductivity in the cross-plane direction can be even more challenging. Venkatasubramanian et al. 3 adapted the transmission line model (TLM) technique used for the measurement of specific electrical contact resistivities (ρ c ) to determine the crossplane electrical resistivities in Bi 2 Te 3 -based superlattices, which is feasible when ρc is smaller than the specific internal resistance of the thermoelectric film d/σ, where d is the thickness of the superlattice film.
Besides individual property measurements to determine ZT, other methods for direct ZT determination have been successful. Venkatasubramanian et al. 3 adapted the Harman method 56 to determine ZT in the cross-plane direction of Bi 2 Te 3 -based superlattices with a maximum thickness of the superlattice up to 5 µm. Yet the most unambiguous measurement of the enhanced ZT comes from direct measurements of the cooling effect. Harman used this method to characterize the performance of his PbTe/PbSeTe quantum dot superlattices. 4 He measured cooling based on a thermocouple with one leg made of the superlattice and the other leg made of a section of Au wire, properly matched in length. The maximum cooling measured from such a thermocouple was 43.7 K, while a similar couple made of the best bulk thermoelectric material only reached 30.8 K. To make such a couple, the total thickness of his superlattice sample was ϳ100 µm.
Current Understanding
Experimental results so far have shown that the thermal conductivity reduction was mainly responsible for ZT enhancement in the superlattices. Theoretical studies on the thermal conductivity have been carried out. 16, 17 These models generally fall into two different camps.
The first group treats phonons as incoherent particles and considers interface scattering as the classical size effect that is analogous to the Casimir limit at low temperatures in bulk materials and Fuchs-Sonderheim treatment of electron transport. [57] [58] [59] These classical size effect models assume that interface scattering is partially specular and partially diffuse, and can explain experimental data for superlattices in the thicker period limit.
The other group of models is based on the modification of phonon modes in superlattices, considering the phonons as totally coherent. 60, 61 In superlattices, the periodicity has three major effects on the phonon spectra: (1) phonon branches fold, owing to the new periodicity in the growth direction; (2) mini-bandgaps form; and (3) the acoustic phonons in the layer with a frequency higher than that in the other layer become flat or confined because of the mismatch in the spectrum.
Comparison with experimental data, however, shows that the group velocity reduction alone is insufficient to explain the magnitude of the thermal conductivity reduction perpendicular to the film plane, and it fails completely to explain the thermal conductivity reduction along the film plane. 61, 62 The reason is that the lattice dynamics model assumes phase coherence of the phonons over the entire superlattice structure and does not include the possibility of diffuse interface scattering, which destroys the perfect phase coherence picture. Partially coherent phonon transport models can capture the trend of thermal conductivity variation in both the in-plane and the cross-plane directions over the entire thickness range. 63, 64 Molecular dynamics simulations considering interface mixing can generate trends similar to that observed experimentally on GaAs/AlAs superlattices, which is consistent with the modeling. 65 Past models of thermal conductivity focused on III-V and IV-IV superlattices. There are no detailed models on IV-VI and V-VI superlattices. Venkatasubramanian et al. 66 observed a minimum in thermal conductivity for Bi 2 Te 3 -based superlattices at a periodic thickness of ϳ6 nm. Although similar trends can be obtained from partially coherent phonon-transport models, the minima based on such models typically occur around 3-5 monolayers (i.e., 1-2 nm). 63, 64 The discrepancy could be due to the unusually large unit cell in the c-axis direction and potentially to interface mixing, which is not well included in current models, and to phonon localization. 66 The modeling conclusion that coherent states of phonons cannot reproduce experimental data has significant implications for materials synthesis, suggesting that other nanostructures can lead to similar results.
67
While the thermal conductivity reduction has been largely responsible for the reported high ZT so far in IV-VI and V-VI superlattices, the importance of maintaining the electronic power factor cannot be overemphasized. Although in both these systems, the maximum power factors are close to those of their bulk counterparts, the optimal dopant concentrations between bulk and superlattice samples differ, at least in PbTe-based systems. 44, 45 The bandgaps of the constituent materials in the IV-VI and V-VI superlattices with high ZT are similar, suggesting that quantum size effects may not be important. However, small band-edge offsets can have an effect on the electron scattering mechanisms and shift the optimal carrier concentration. Although quantum size effects may not dominate in these materials systems, the principle of using quantum size effects to improve electron performance is sound. Minimizing interface scattering of electrons is crucial for realizing a high power factor. Better materials synthesis can potentially lead to structures that can take advantage of both increased electron performance and reduced phonon thermal conductivity.
Devices and Applications
The fabrication of superlattice-based devices can take advantage of many of the standard tools of semiconductor device manufacturing, such as photolithography, electroplating, wafer dicing, and pick-and-place systems. This allows scalability of the module fabrication, from simple modules that can pump milliwatts of heat to multiconnected module arrays. Both in-plane and cross-plane devices are under development, and each have their unique advantages, challenges, and applications.
Cross-plane superlattice-based devices typically have configurations similar to those of bulk thermoelectric modules, albeit with significantly shorter legs and smaller leg cross sections.
3,68 Such devices have extremely rapid cooling or heating characteristics, and fully functional devices can be built using 1/40,000 of the active material required for state-ofthe-art bulk thermoelectric technology.
Venkatasubramanian and co-workers have developed wafer-bonding technology to fabricate Bi 2 Te 3 superlattice thermoelectric devices. 68 It is clear from such device development that significant challenges exist in translating the intrinsically high ZT of the materials to the high performance of the devices. Some of the issues are related to the significant electrical and thermal parasitic resistances in a modular assembly. First, the specific electrical contact resistance ρ c at both ends of the p-type and n-type devices must be minimized such that ρ c is much smaller than the specific resistance d/σ of the leg. Another significant challenge is the thermal management at both the hot and the cold sides, as the heat flux through each leg can be as large as ϳ1000 W/cm 2 . Such a high heat flux cannot be handled with usual convective cooling techniques. Heat spreading by using sparsely spaced elements or advanced thermal management methods is necessary.
Cross-plane superlattice-based devices are being considered for a variety of applications. Thermoelectric coolers have long been used for the wavelength stability of semiconductor lasers. Currently used thermoelectric coolers are based on bulk materials machined down to small sizes (ϳ2 mm × 2 mm × 1 mm). Superlatticebased devices can better match the footprint and heat flux of semiconductor lasers with a lower profile, which is extremely important for fitting into the existing packages such as metal transistor outline cans. Superlattice thermoelectric technology is also now being actively considered for the thermal management of hot-spot and transistor off-state leakage current in advanced microprocessors.
Besides cooling applications, superlatticebased thermoelectric devices can also be used for power-conversion applications. Figure 5 shows an example of local heating and cooling that can be realized with superlattice-based devices. Early studies carried out by Venkatasubramanian and co-workers of power-conversion efficiency using single p-n couples have shown a significant correlation with the measured ZT in the "inverted" p-n couples 69 by the Harman method. In-plane device configurations are used mainly for sensors, and most of the past work has been based on polycrystalline thermoelectric material. 70, 71 Superlattices with high ZT can improve the performance of these devices. For sensor applications, thermal bypass through the substrate must be minimized by removing the substrate, transferring the superlattice film to another low-thermalconductance substrate, or depositing the film directly on a low-thermalconductivity substrate. 71 One big question regarding superlatticebased thermoelectric coolers and power generators is their stability and reliability. These devices operate under high heat and current fluxes, and both thermo-and electromigration are of great concern. At this stage, only a little work has been done. Venkatasubramanian's group 72 carried out initial power-cycle testing on relatively simple superlattice couples using Pb 37 Sn 63 bonding for flip-chip attachment. No degradation in ∆T was observed after more than 100,000 power cycles, suggesting an intrinsic reliability in the superlattice material. However, the hightemperature reliability of superlattice materials has not been studied.
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Summary and Research Needs
The large figure-of-merit enhancements observed in V-VI-and IV-VI-based superlattices and quantum dot superlattices have an impact on both fundamental understanding and practical applications. For a long time, the maximum ZT for all bulk materials was limited to ZT 1, and as a consequence, applications have been limited to niche areas. Progress made in superlattice-based thermoelectric materials show that ZT 1 is not a theoretical limit. With the availability of high-ZT materials, many new applications will emerge. The progress made also calls for more effort in materials development, theoretical understanding, and device fabrication, concurrent with the pursuit of practical applications of these materials.
Materials-wise, research in both enhancing ZT and reducing cost is needed. Practical thermoelectric devices need both n-type and p-type materials with comparable figures of merit. So far, p-type Bi 2 Te 3 /Sb 2 Te 3 superlattices have much higher ZT values than n-type Bi 2 Te 3 /Bi 2 Se 3 superlattices, while PbTe/PbSeTe-based n-type and p-type quantum dot superlattices have comparable ZT values. Continuous improvements in ZT for different materials in different temperature ranges are needed. In addition to reducing the phonon thermal conductivity, the principle of increasing ZT through quantum confinement of electrons should be exploited, including the exploration of onedimensional nanowires and nanowire superlattices. 73 Further reductions in thermal conductivity may be possible in aperiodic superlattices. Similar effects that lead to a reduction in phonon thermal conductivity may be observed in other nanostructures that are more amenable to mass production. In addition to materials development, theoretical studies are needed to further understand the electron and phonon thermoelectric transport. Particularly, quantitative tools capable of predicting thermoelectric transport properties are needed. While ZT has reached high values in superlattices, devices made of these materials have not reached the best performance of bulk thermoelectric coolers, due to difficulties in electrical contacts, heat spreading, materials matching, and fabrication. Continued progress in the device area is critical for translating the laboratory work successfully into practical applications.
Background
The discovery and development of thermoelectric (TE) materials with a high figure of merit (ZT Ն 1) has proven to be a challenging task in materials science and engineering. Worldwide research efforts have culminated in somewhat of a twopronged strategy for identifying this class of TE materials: engineered bulk materials and nanostructured materials.
In the first approach, complex crystal structures have been designed and synthesized with the aim of attaining phononglass/electron-crystal characteristics (low lattice thermal conductivity as in glass, with high electrical conductivity as in metals) for high ZT. Recent progress on bulk thermoelectric materials is discussed in the article by Nolas et al. in this issue.
The second approach is motivated by the presence of increased electron density of states at the Fermi level in nanostructured materials and the possibility of exploiting boundary scattering to reduce the thermal conductivity.
As indicated by its prefix, a nanostructure has one of its crucial dimensions on the order of 1-100 nm. Various forms of nanostructures, such as nanotubes, nanowires, nanorods, nanoparticles, ultrathin films, quantum wells, and superlattices, have been prepared in the laboratory and are providing valuable insights for engineering materials with improved TE properties. In this issue, Böttner et al. provide an overview of the progress achieved in 2D nanostructured TE materials, specifically, superlattices and quantum well materials. Nanocomposites that involve the incorporation of any of the aforementioned nanostructures in the corresponding bulk material are also gaining much interest, since enhanced TE properties are expected to result from interfacial reflection and scattering of phonons in the nanocomposites. This article focuses on the bulk synthesis of 1D thermoelectric nanomaterials and their TE properties. In particular, the Seebeck coefficient will be discussed in detail for comparing different forms of nanostructured materials, since this parameter has proved to be a very powerful probe.
Carbon Nanotubes
We begin with a discussion of the TE properties of carbon nanotubes, which are the latest molecular form of carbon, discovered by S. Iijima in 1991. 1 Researchers have recently begun to synthesize other nanostructured materials, such as those based on state-of-the-art TE materials such as PbTe and Bi 2 Te 3 , which will be discussed later in this article. Much can be learned from the TE properties of these carbon nanotubes, and therefore, we will focus the early parts of this article on these materials.
A nanotube can be viewed as a graphene sheet rolled into a seamless cylinder with an aspect ratio (length/diameter) exceeding 1000. Carbon nanotubes are typically classified into two groups: single-walled nanotubes (SWNTs) and multiwalled nanotubes (MWNTs), which are basically a set of concentric SWNTs.
2 Nanotubes can be synthesized by one of three commonly used methods:
3 electric arc discharge, pulsed laser vaporization, and chemical vapor deposition (CVD).
In carbon nanotubes, the Seebeck coefficient α is often used to determine the sign of the dominant charge carrier [4] [5] [6] [7] [8] and also to probe sensitivity to gas adsorption and molecular collisions with the nanotubes. 9 Since in most metals, α is sensitive to the curvature of the band structure near the Fermi level through the Mott relation, 10 ( 1) it is a good indicator of dominant carrier type. In this expression, k B is the Boltzmann constant, T is temperature, e is the
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electron charge, ∂lnσ/∂ε is the energy derivative of the electrical conductivity σ, and E F is the Fermi energy. The subscript d indicates the contribution of the diffusion thermopower to the total α.
A general comparison between α(T) of SWNTs and MWNTs with highly oriented pyrolytic graphite (HOPG) is quite useful. Figure 1 shows α(T) for four different carbon samples, which include as-prepared SWNT bundles produced by the electric arc discharge (black circles) and the pulsed laser vaporization (PLV) (blue squares) techniques, an as-prepared film of MWNTs grown by CVD (red diamonds), and HOPG (green crosses). All four samples were exposed to room air and room light for an extended period of time and are therefore considered to be sufficiently oxygen-doped. Clearly, SWNTs have a much higher room-temperature α of approximately 45 µV/K than the MWNTs (approximately 17 µV/K). Notice that the sign of α for both the SWNTs and the MWNTs is positive, indicating p-type behavior in oxygen-doped nanotubes. The bulk graphite displays a room-temperature value of approximately −4 µV/K. This figure serves as a quick reference for α(T) behavior in all three of the air-exposed carbon forms.
Exposure to oxygen (or air) has been shown to have a dramatic effect on α in SWNTs [4] [5] [6] and MWNTs. 7 The sign of α in a sample of purified SWNTs switches reversibly from positive to negative in a time frame of ϳ15-20 min as the sample is cycled between O 2 and vacuum. 4 This sign reversal in α is indicative of a change in the dominant charge carrier switching from n-type (in vacuum) to p-type (in O 2 ). In Figure 2a , α(T) data for a film of purified SWNTs in its O 2 -saturated state (p-type) as well as after being completely deoxygenated (n-type) are shown. 5 Interestingly, this transformation is reversible over the entire temperature range, and field-effect transistors based on isolated semiconducting single-walled carbon nanotubes (CNTFETs) also exhibited p-type (when exposed to O 2 ) and n-type (annealed under vacuum) device characteristics. 11 The data in Figure 2a suggest that interaction with O 2 is responsible for the p-type character of CNTFETs in air. However, detailed studies of doping-induced FET characteristics of SWNTs conducted by the Avouris group at IBM do not seem to fully support this conclusion. In the SWNTs exposed to air or oxygen, the Fermi energy level (E F ) is extrinsically pinned near the valence-band maximum.
11 Consistent with this model, little difference in the electrical resistance R of oxygen-saturated and annealed SWNTs has been observed. 6 Alternatively, SWNTs can also be pdoped to a greater extent by immersion in concentrated nitric or sulfuric acids. R(T) of such p-doped SWNTs decreases by a factor of 10 or more compared with the corresponding value in pristine SWNTs, implying that E F is well into the semiconductor valence bands. The low-temperature α(T) data of these acid-treated SWNTs exhibited distinctly different behavior from oxygen-saturated and annealed SWNTs. This unusual low-temperature behavior has been attributed to phonon drag or electron-phonon scattering in 1D electronic systems. 12, 13 As in the case of acid-treated SWNTs, molecular adsorbates that engage in charge transfer with the nanotube wall are expected to significantly impact the transport of charge and heat along the wall. However, from systematic studies of α or R or bundled SWNTs, Eklund and coworkers found evidence for new scattering channels for the free carriers in metallic nanotubes. An exponential increase in the time-dependence of α(t) and resistance R(t) of thin films of bundled SWNTs was observed, caused by physisorption of various alcohol molecules (C n H 2n+1 OH; n 1-4) when a sudden change in the molecular pressure occurs. 14 The trends in the changes in α and R with adsorption of these polar molecules were explained on the basis of the interplay between the adsorption energy E a (measured on graphitic carbons) and the molecular coverage ϳ1/A, where A is the projection area of a particular alcohol molecule on the nanotube surface. In another systematic study of α and R of six-membered ring hydrocarbons C 6 H 2n (n 3-6) physisorbed on SWNTs, further evidence for scattering channels in nanotubes was found. 15 Adsorption of benzene (n 3) induced the largest increase in α and R. As the number of π electrons per molecule was reduced (molecules with increasing n), the impact of the molecular adsorption on α and R of the SWNT diminished (Figure 2b ). These observations revealed that the magnitude of scattering scaled with the coupling of the π electrons in the adsorbed molecules to π electrons in the metallic nanotube wall. Similarly, small increases in α of SWNTs due to adsorbed H 2 , He, and N 2 have also been observed and identified with the creation of additional scattering channels. At fixed gas temperature and pressure, changes in α and R of thin SWNT films were experimentally found and theoretically confirmed to scale as , where M is the mass of the colliding gas molecules (He, Ar, Ne, Kr, Xe, CH 4 , and N 2 ). 9 The CNTFETs are inferior to analogous silicon devices from the standpoint of long-term device operation, since originally n-type CNTFETs acquire p-type device characteristics when exposed to air under ambient conditions. To enable carbon nanotubes to function as a basic building block in future nanoelectronic devices, it is crucial that the oxygeninduced reversal of electronic properties (discussed in Figure 2a ) be arrested. One approach is to dope nanotubes with either nitrogen or boron to render them permanently n-type or p-type, respectively. Figure 3 compares α(t) obtained for purified pristine SWNTs (crosses) with those of asprepared boron-doped SWNTs 8 and nitrogen-doped MWNTs. 16 The α(t) data of both SWNT samples were collected as they were degassed in 10 -6 Torr vacuum at 500 K. It is clearly seen that, as adsorbed oxygen is removed from the pristine SWNT sample, α(t) changes sign from approximately 20 µV/K (p-type) to -20 µV/K (n-type), which is similar in behavior to data depicted in Figure 2a . However, in the case of the boron-doped SWNTs, α(t) remains constant at around 60 µV/K, implying a greater stability of the doped nanotubes with respect to the degassing procedure. Substituted boron in the sample would be expected to donate holes to the SWNT lattice, making it a permanently p-type material and resulting in no change in α(t) as the sample is degassed. Likewise, nitrogen-doped nanotubes are expected to exhibit permanent n-type characteristics, as exemplified in Figure 3 .
Properties of Nanostructured One-Dimensional and Composite Thermoelectric Materials
Finally, we note other interesting TE properties in carbon nanotubes. Recent advances in mesoscopic TE measuring devices have enabled measurements of α in a single SWNT. 17 A room-temperature α 200 µV/K, which is much larger than α ϳ 60 µV/K measured in SWNT films, was obtained. As discussed in the introductory article to this issue by Tritt and Subramanian, "rattlers" introduced in bulk cage-like materials have the effect of reducing the thermal conductivity κ and thereby enhancing the figure of merit, ZT α 2 σT/κ. The rattling motion of these loosely bound atoms effectively scatters phonons, thus significantly reducing the lattice thermal conductivity of these materials. One might expect that C 60 molecules inside the hollow core of a SWNT would act like rattlers. 18 Regular SWNTs showed a roomtemperature α value of 60 µV/K after air saturation, whereas the C 60 @SWNTs (the @ symbol designates C 60 molecules encapsulated inside a nanotube) saturate at 40 µV/K at 300 K.
Evidence for the existence of the Kondo effect has been reported through measurements of α in SWNTs synthesized using a variety of catalyst particles. 19 The Kondo effect arises from the interactions between a single magnetic atom, such as a transition-metal atom, and the many electrons in an otherwise nonmagnetic metal, such as a carbon nanotube. A broad peak in the α(T) data near 70-100 K has been associated with the Kondo effect and attributed to the presence of magnetic catalyst impurities in the SWNT films. The Kondo effect is completely suppressed when the magnetic impurities are converted to corresponding iodides by treating the SWNT sample with iodine.
Other Nanostructured Materials
Since the discovery of carbon nanotubes, there have been rapid advances in the synthesis and understanding of the physical properties of these interesting materials. As mentioned, the structure of a carbon nanotube is derived from the 2D nature of the graphene sheet that is essentially "rolled up" into a seamless 1D nanostructure, forming either a singlewalled or a multiwalled nanotube. Recently, it has been found that other 2D electron systems, such as layered dichalcogenides (WS 2 , MoS 2 , and TiS 2 ), and other layered structures, including Bi 2 Te 3 , have been synthesized in a 1D nanostructure form. We will not make an effort to survey the vast amount of high-quality research that has been performed on the synthesis and development of 1D nanostructures, but will instead attempt to highlight a few areas that may be of importance to the development of higher-performance TE materials that may be eventually based on these nanostructures. We will try to also highlight some of the broad synthesis techniques that are used to achieve these nanostructures.
MoS 2 Nanotubes
As far back as 2001, nanostructures of other 2D layered compounds have been grown as 1D nanostructures. 20 Remskar et al. used a novel type of catalyzed reaction including C 60 as a growth parameter to grow subnanometer-diameter singlewalled MoS 2 nanotubes. The SWNTs of MoS 2 were grown by adding C 60 (5 wt%) to MoS 2 powder in a transport tube as a catalyst. The reaction was run for over 20 days at 1010 K in an evacuated silica ampoule. The pressure was 10 -3 Torr with a temperature gradient of 6 K/cm. The MoS 2 nanotubes grew as twisted chiral bundles. These bundles were held together by interstitial iodine, which is easily removed, thus allowing for freestanding MoS 2 nanotubes. These bundles contain more than 500,000 ordered nanotubes. The tubes have various lengths, up to several hundred nanometers, but are rather uniform in diameter (ϳ0.3-0.9 nm). It is predicted that these materials should exhibit transport properties that are metallic; however, because of the narrow diameters of the tubes, energy quantization is expected to occur and yield electronhopping perpendicular to the tube axis. However, no electrical transport measurements were reported. One would expect that large thermopower might be observed in the MoS 2 nanotubes, because of the sharp variation in the density of states according to the Mott formula, as discussed previously.
WS 2 Nanotubes
Chen et al. recently reported the synthesis of high-purity WS 2 nanotubes. 21 These materials were synthesized on a rather large scale by the thermal decomposition of amorphous/nano (NH 4 ) 2 WS 4 in a floating hydrogen and thiophene atmosphere. The heating temperature was between 360ЊC and 450ЊC. This technique yielded large quantities of open-ended WS 2 nanotubes with an average length of 5 µm and diameters between 25 nm and 50 nm. They performed an extensive ball-milling procedure for about 1 h on the (NH 4 ) 2 WS 4 powder, which they emphasize is a very important part of the process in order to obtain the nanotubes. They call the powders amorphous/nano because of the extensive ball-milling. They investigated various growth parameters such as temperature, flow rate, and thiophene concentration in order to obtain the optimum growth conditions for obtaining the nanotubes. 
TiS 2 Nanotubes
These same authors also were able to synthesize TiS 2 nanotubes. 22 They used a low-temperature gas reaction and obtained nanotubes with an outer diameter of ϳ20 nm and lengths of several micrometers. The TiS 2 nanotubes were derived from the following reaction:
The nanotubes are multiwalled and open-ended, with an outer diameter of ϳ20 nm, an inner diameter of ϳ10 nm, and fringe spacing of roughly 0.57 nm. The crystal structure for the bulk TiS 2 is shown in Figure 4 . Notice that the 2D lamellar structure is very similar to the graphene sheets that result in the growth of carbon nanotubes. It is apparent that these 2D structures are very susceptible to the growth of nanostructures from the corresponding 2D parent bulk material.
So the question may be asked, why is the synthesis of materials such as these of importance to improved TE materials? The dimensionality can play a crucial role in the electronic transport processes in a material. Do the electrons interact in a 3D, 2D, or 1D manner? The dimensionality can even change a system from metallic to semiconducting behavior. Therefore, let us recall the Mott relation as described by Equation 1 but in a slightly different form. We observe that the thermopower is proportional to a derivative of the density of states (DOS) at the Fermi level, as shown in Equation 3:
Here, n(ε) is the density of states. Thus, as predicted by Hicks and Dresselhaus, 23 the thermopower could be enhanced in a given set of materials simply by reducing the dimensionality. Bulk TiS 2 already possesses some very interesting TE properties. It has been reported that a series of transition-metal dichalcogenides (e.g., TiS 2 ) exhibit very high thermopower values (α Ͼ 250 µV/K at T 300 K). 24 The materials are relatively large single crystals (10 mm × 5 mm × 0.1 mm) that are of nearly stoichiometric composition. These materials are grown by chemical vapor transport using I 2 . The transition-metal dichalcogenides are a quasi 2D system and are considered electronically as a 2D electron gas. There should be considerable latitude for further doping in the TiS 2 system, and in addition, the samples can be intercalated with other atoms within the 2D layers, which are separated by weakly bonded van der Waals planes. When formed as nanotubes, they may be able to be intercalated within the fringe layers.
Here, again, exists the "layered structure" that appears so common among potential TE materials. It is noted in the most recent reference 22 that the carrier concentration n of the TiS 2 system is an order of magnitude larger (n 10 21 carriers/cm 3 ) than the state-of-the-art TE material Bi 2 Te 3 , which has an optimum carrier concentration. However, the power factor of the TiS 2 system is nearly the same as Bi 2 Te 3 at T 300 K and remains relatively large down to as low as 50 K, thus showing some potential as a refrigeration material.
Bi 2 Te 3 Nanostructures: Electrodeposition
Nanostructures of state-of-the-art TE materials such as Bi 2 Te 3 have also been synthesized. 25, 26 For example, Stacy and co-workers have been successful in forming Bi 2 Te 3-x Se x nanostructures using electrodeposition techniques. 27 These materials are synthesized by array fabrication methods using porous anodic alumina templates. Very good control of the sample diameter, as well as large aspect ratios, can be achieved using the alumina templates. This can be observed in Figure 5 , where an array of electrodeposited Bi 2 Te 3-
nanostructures is shown. A cross section is shown in Figure 5a , and a bottom view after removal of the Pt electrode is shown in Figure 5b . [29] [30] [31] [32] These authors contend that the figure of merit of TE materials could be significantly improved if the materials are nanostructured, since the thermal conductivity may be decreased more significantly than the electric conductivity, in addition to a potential enhancement of the thermopower.
In their work, novel solution chemical routes such as solvothermal synthesis, 33, 34 hydrothermal synthesis, low-temperature aqueous 35 29, 30, 38 The nanotubes, hydrothermally synthesized at 150°C, have diameters of 25-100 nm and lengths of up to several micrometers. It was found that the tube walls are spiral and tilted, with the (003) plane of the Bi 2 Te 3 rhombohedral lattice at an angle of about 20°to the tube axis, as shown in Figure 6 . Irregular hollow nanocapsules synthesized by a lowtemperature aqueous chemical method are ϳ10-50 nm in size, with some short, nanotube-like nanocapsules ϳ100-200 nm in diameter and 300-1500 nm in length. 
Properties of Nanostructured One-Dimensional and Composite Thermoelectric Materials
Another important result of the Zhao et al.'s work is the preparation of advanced Bi 2 Te 3 -based nanocomposites with high TE properties. 30, 31 They first proposed the concept of "coessential" nanocomposites, which means that nanostructures of a specified material coexist in a matrix of the same material, for example, using commercial Bi 2 Te 3 -based alloys as the matrix and Bi 2 Te 3 nanotubes as the additive. The objective is to reduce the thermal conductivity of a TE material without deteriorating its electric properties. A very low thermal conductivity of ϳ0.8 W m −1 K −1 has been obtained for the hot-pressed bulk nanocomposites. The highest dimensionless figure of merit reaches 1.25 at about 420 K, which is also one of the highest values ever reported for bulk Bi 2 Te 3 -based TE materials (Figure 7) .
Carefully designed experiments have been performed to study the nucleation and growth of Bi 2 Te 3 nanocrystals during hydrothermal synthesis. 29 
PbTe and Skutterudite Nanostructures
Recently, nanostructures of other TE materials have been fabricated. For example, nanostructures of PbSe 39 and also of CoSb 3 skutterudites have been accomplished. 40, 41 The PbSe materials were initially grown as sphere-like structures, which after additional reaction time were grown in a wire-like structure with a typical width of 60-150 nm and length of 1-5 µm. Recently, the group at Clemson has used a CVD technique to synthesize PbTe nanoparticles. 42 Their CVD technique resulted in a high yield of cubic PbTe nanoparticles of sizes ranging between 50 nm and more than 200 nm. The CoSb 3 skutterudites were grown via solvothermal methods that were able to give a very high yield; grams of CoSb 3 could be collected from several growths. Xie and co-workers used a solvo-thermal method employing CoCl 2 and SbCl 3 as precursors. This required a two-step process that resulted in large quantities of CoSb 3 nanoparticles of less than 30 nm in size. The XCo 4 Sb 12 system (where X is a rare-earth filler atom for the rattling motion) is much more interesting in relation to thermoelectrics since this system has already shown very favorable TE properties in bulk materials. Initially, the goal of this workwas the synthesis of nanoparticles of CoSb 3 .
One may not need to have filled skutterudite nanowires. It is possible that the filled skutterudite matrix materials, along with the incorporation of nanostructures of CoSb 3 as phonon scattering centers, may be enough to effectively minimize the lattice thermal conductivity κ L in these skutterudite materials.
Concluding Remarks
The low-dimensional materials discussed in this article offer new ways to manipulate the electron and phonon properties of a given material. The key idea is to use quantum size effects to increase the electron density of states at the Fermi level and in this way to optimize the power factor. Even when the quantum size effects are not dominant, it is possible to utilize classical size effects to alter the transport processes, for example, the exploitation of boundaries to scatter phonons more effectively than electrons. However, it may be that the incorporation of these nanostructured materials into a bulk matrix of similar materials may serve to reduce the lattice thermal conductivity via nanoscale phonon scattering centers and thus improve the overall ZT in the composite. Therefore, once grown as nanostructures, these materials may be incorporated into other bulk structures to enhance the properties of the original parent materials. They could exhibit enhanced electronic properties for thermoelectric applications, or they may just act as nanostructured phonon scattering centers. Thus, the birth of hybrid or composite bulk thermoelectric materials, where a bulk TE matrix can be incorporated with TE nanostructures and densified into a new bulk composite material, may be the new direction of research in thermoelectrics.
Introduction
Of the various static energy-conversion technologies considered for radioisotope power systems for space applications, thermoelectric (TE) energy conversion has received the most interest. Radioisotope thermoelectric generators (RTGs) generate electrical power by converting the heat released from the nuclear decay of radioactive isotopes (typically plutonium-238) into electricity using a TE converter (Figure 1 The most widely used TE materials, in order of increasing operating temperature, are bismuth telluride (Bi 2 Te 3 ); lead telluride (PbTe); tellurides of antimony, germanium, and silver (TAGS); lead tin telluride (PbSnTe); and silicon germanium (SiGe). All of these materials, except Bi 2 Te 3, have been used in RTGs on space missions.
A wide variety of physical, thermal, and TE property requirements must be met for the design of reliable RTG converters. These properties are summarized in this article; the discussion will also include lifetime power-output degradation mechanisms in state-of-practice generators.
The number of motor vehicles on U.S. roads and the number of miles driven by those vehicles continue to grow, resulting in increased air pollution and petroleum consumption, and reliance on foreign sources of that petroleum, despite improvements in vehicle emissions control and fuel efficiency. To counter these trends, new vehicle technologies must be introduced that can achieve better fuel economy without increasing harmful emissions.
For a vehicle powered by a typical gasoline-fueled internal-combustion engine (ICE), only about 25% of the fuel energy is used for vehicle mobility and accessory power; the remainder is lost in the form of waste heat in the exhaust and coolant, as well as friction and parasitic losses such as tire rolling resistance, wind drag, brake drag, and wheel misalignment ( Figure 2) . 2 Furthermore, in order to meet increasing safety requirements, improve engine performance, and reduce exhaust emissions, original equipment manufacturers (OEMs) are incorporating increased electronic content, such as stability controls; telematics for accurate satellite positioning of vehicles; collisionavoidance systems; OnStar communications systems; navigation systems; steer-bywire systems, in which the steering column is replaced with electronic control units linked in a fault-tolerant network for enhanced safety and fuel economy; electronic braking; additional powertrain and body controllers; and sensors that can automatically optimize performance, improve fuel economy, and enhance vehicle safety. All of these additional electronic devices require more energy from the engine, or use enhanced energy-management schemes.
Unfortunately, current engine designs may not meet all of our future needs. In order to meet the ever-increasing requirements of electrical power, automotive OEMs are considering several alternatives, such as 42 V systems (versus the 14 V systems in current automobiles), hybrid vehicles, fuel cell vehicles, and auxiliary electric power units. One such alternative is the use of TE technology.
Several proposed applications of TE waste-heat recovery devices in the automotive industry are reviewed here. To assess the feasibility of these applications at the vehicle level, the effect of electrical load and weight on fuel economy for a representative midsize truck is discussed. The most challenging areas of commercialization of these technologies are identified.
Radioisotope Thermoelectric Generators
Thermoelectric Converters
The RTGs used by the U.S. space program have utilized converter TE materials made from alloys of lead telluride, TAGS, or SiGe. 
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ficiency is proportional to ZT and the Carnot efficiency as
where T H and T C are the hot-end and coldend temperatures of the thermoelectric materials, respectively, and T is the average temperature. The Carnot efficiency is given by the term (T H -T C )/T H . Equation 1
shows that increasing efficiency requires both having high ZT values and maximizing the temperature gradient across the TE materials. There is, however, no single TE material with a high average ZT between 1275 K and 300 K. Each material is best in a limited temperature range. Earlier RTGs used TE materials that included telluride alloys, while more recent RTGs have used SiGe alloys. Telluridebased TE materials provide better performance at lower temperatures (ϳ900 K or less), while SiGe alloys can operate up to a maximum temperature of about 1275 K. While it is important to maximize efficiency to produce more power, a better measurement of performance than efficiency for space power systems is how much power is produced per unit of mass, which is called specific power (typically expressed in W/kg). It is therefore important when designing and optimizing an RTG to optimize the heat-rejection temperature for minimizing the size and mass of the radiator used to reject the excess heat from the power converter into space (the size of the radiator varies as T c 4 ). The TE efficiency of past and current RTGs used on U.S. space missions is about 8%. The system efficiency for these RTGs is further decreased because of thermal and electrical losses that typically amount to ϳ10-15%, depending on the genera-
tor's cold and hot operating temperatures and design.
Past and Current Radioisotope Thermoelectric Generators
The United States began the development of RTGs in the 1950s. As previously mentioned, the earlier RTGs used telluride alloys, while the more recent RTGs have used SiGe alloys. The telluride-based generators generally required the use of a cover gas (typically a mixture of argon and helium) to minimize sublimation of the TE materials at high temperatures. SiGe materials can operate without using a cover gas in the vacuum of space. Generators using SiGe alloys must, however, be sealed with an inert cover gas on the ground to prevent oxidation of the multifoil thermal insulation (typically molybdenum). Nearly all telluride-based generators have used pressure contact between the TE elements and the heat source. Because SiGe alloys can operate up to 1275 K, a radiation coupling between the TE elements and the heat source was used.
RTGs that used telluride-based TE materials include SNAP-3A, SNAP-9A, SNAP-19, SNAP-19B, SNAP-27, and Transit-RTG. SNAP is an acronym for "systems for nuclear auxiliary power." The Multi-Mission Radioisotope Thermoelectric Generator (MMRTG) being developed by NASA and the U.S. Department of Energy (DOE) will also used telluridebased TE materials. The beginning-of-life electric power output of MMRTG and SNAP systems ranges from 2.7 W to 125 W. A detailed list and characteristics of these generators was compiled by G. Bennet. 3 Much improvement in the design of these generators has been achieved, and while the initial RTGs had a specific power on the order of only 1.3 W/kg, the specific power for the SNAP-19 generators used on the Pioneer and Viking missions reached 2.8 W/kg.
The MMRTG is based on the SNAP-19 RTG. The TE converter utilizes PbTe for the n-type thermoelement and TAGS/ PbSnTe for the p-type segmented thermoelement. It uses eight general-purpose heat sources (GPHSs), 3 each of which delivers approximately 250 W at beginning of life. The MMRTG is designed to operate both in the vacuum of space and in the oxidizing atmosphere of Mars. The MMRTG electrical output is a function of the coldside temperature of its TE modules and is driven by the ambient environment. The nominal power output in deep space is currently predicted to be 125 W at the beginning of the mission. This power is produced through 768 thermoelectric couples operating between 823 K and 423 K. The MMRTG measures approximately 66 cm long and has a fin-to-fin tip width of 64 cm and a specific power of 2.8 W/kg.
SiGe alloys were first used in the MultiHundred Watt Radioisotope Thermoelectric Generator (MHW-RTG). The MHW-RTG was designed to provide over 150 W of electric power at the beginning of mission. Because SiGe alloys are able to operate at a temperature of up to 1275 K, the generator was designed to operate the TE elements between 1275 K and 575 K with a thermoelectric efficiency of about 8%. Although a similar efficiency was achieved for the telluride-based thermoelements operating between 823 K and 483 K, operating SiGe alloys at higher temperatures allowed a significant reduction in the fin size and, in turn, an increase in the specific power to 4 W/kg for the MHW-RTG. Further improvements were introduced in the GPHS-RTG, the current standard RTG unit used in the United States. The GPHS-RTG is illustrated in Figure 3 . It is designed to operate in the vacuum of space 
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and uses 18 GPHS modules with a total nominal thermal power of 4500 W. The 572 SiGe unicouples are radiatively coupled around the 18 GPHS modules and connected in a series-parallel network to prevent single-point failure of the generator. The overall diameter of the RTG with fins is 42.2 cm, and it is 114 cm long. The specific power of the generator is about 5.1 W/kg, nearly four times that of the first RTGs flown. GPHS-RTGs have been used on the Galileo, Ulysses, and Cassini spacecrafts, providing years of continuous electric power.
Physical and Thermoelectric Property Requirements for Thermoelectric Materials Used in RTGs
The power-output decrease for each of the three RTGs used on the Voyager spacecrafts is 22% over 14 years, which represents a ϳ1.6% degradation in power output per year. Out of this 1.6%, about 0.8% is due to isotopic decay of the PuO 2 fuel. As a result of the reduced thermal input over time, the hot-junction temperature of the TE couples also decreases, resulting in a diminution of the couple conversion efficiency that accounts for about 0.47% a year of the total decrease of the generator power output. The rest of the power-output decrease, 0.33% per year, is due to (1) variations in the transport properties of the TE materials over time; (2) sublimation of the TE materials near the hot junctions of the couple, resulting in a cross-sectional reduction of the thermoelements and an increase in thermoelement resistance; (3) deposition of sublimation products, resulting in an increase in electrical and thermal losses; and (4) an increase in the interfacial contact resistance of the couples. This section describes the most important potential degradation mechanisms in RTGs related to TE materials.
Sublimation
Sublimation is one of the primary degradation mechanisms for TE powergeneration devices. As mentioned earlier, sublimation of the TE materials near the hot junction of the couples can result in a cross-sectional reduction of the thermoelements that can increase the resistance of the TE elements, which in turn will decrease the power output of the RTG. If substantial sublimation occurs over time, this could lead to mechanical failure of the junction between the TE material and the metallization at the couple hot junction. The sublimation rate requirement to minimize the cross-sectional reduction to an acceptable value (typically up to 5-10% reduction over 10 years) can be estimated as a function of the TE element diameter. Sublimation rates are typically expressed in g/cm 2 /h. Figure 4 shows that, as the diameter of the thermoelements diminishes, the sublimation rate required to limit the cross-sectional reduction to within 5-10% of the nominal cross-section area rapidly decreases. The sublimation rate desired for the MMRTG and GPHS-RTG thermoelectric elements are also shown in Figure 4 .
For the MMRTG, the desired sublimation rate ranges between 1 × 10 -6 g/cm 2 /h for a 10% reduction and 6 × 10 -7 g/cm 2 /h for a 5% reduction. As previously mentioned, a 1 atm mixture of argon and helium is maintained in the converter compartment of the generator to achieve those sublimation rates. In addition, the pthermoelement of the MMRTG couple is segmented, because although the TAGS material is phase-stable up to ϳ900 K, its sublimation rate above 673 K is above the desired value and its operation is therefore limited to 673 K in the couples. It is segmented to a top PbSnTe segment operating between 973 K and 673 K. The PbSnTe material has a much lower sublimation rate than the TAGS material in this temperature range.
The sublimation rate requirement for the SiGe alloys used in the GPHS-RTG is 6 × 10 -7 cm 2 /g/h for a 10% reduction and 1.5 × 10 -7 cm 2 /g/h for a 5% reduction. The desired sublimation rates for SiGe are lower than those for the TE materials used in the MMRTG couples, not only because the nominal cross section of the TE element is smaller but also because the material density is also lower. To achieve this desired rate, a Si 3 N 4 coating was successfully developed, which, in conjunction with wrapping the TE elements with a quartz yarn, has been typically used on SiGe thermoelements used in RTGs.
In addition to cross-sectional reduction that can lead to substantial power output decrease and even mechanical failure of the TE couples if not controlled, sublimation products can condense within the thermal insulation between the couples and on the cold-side interconnects, potentially creating electrical and thermal shorts in the converter area of the generator. This would typically reduce the thermal efficiency and power output of the device and further justify the need for controlling the sublimation of the TE materials.
Device Considerations
Designing and fabricating mechanically stable TE power-generation devices requires, to a great extent, taking into consideration the thermal expansion and mechanical strength of the TE materials. The joins between the TE materials and the cold-side and hot-side interconnect materials are exposed to stress during fabrication, and the choice of interconnect materials is critical to achieving a mechanically stable couple. TE materials with lower coefficients of thermal expansion (CTEs) tend to be more suitable for device integration, as most refractory metals often used as interconnect materials tend to have relatively low CTEs.
Achieving long-lasting joins between the TE materials and the couple interconnects requires not only minimizing thermomechanical stresses resulting from the dissimilar nature of the joined materials, but also ensuring that chemical interactions at the joins will not increase the thermal and electrical contact resistance. The electrical contact resistance value for the joins should typically be equal to or less than 5 µΩ cm 2 in order to have no impact on the generator power output. Joins between the TE materials and the interconnects are typically achieved by diffusion bonding or brazing. The diffusionbonding or brazing process should lead to some chemical reaction at the join to achieve the desired electrical contact resistance value, but this reaction should be limited over time to prevent the growth of reaction layers that may have different CTEs and could cause degradation and even mechanical failure of the bonds.
Thermoelectric Properties
The obvious requirement for a good TE material to be considered for integration into a power-generation device is to possess a high average ZT over the projected temperature range. This is a beginning-oflife requirement to maximize the efficiency of the generator. For practical operations and in order to predict the power output of the RTG over its lifetime, it is important to understand how the TE properties vary as a function of time and temperature.
A number of mechanisms can contribute to substantial variations in TE properties with time. In the case of SiGe alloys, the materials are saturated with dopants to achieve the highest possible ZT values at beginning of life. Lifetime studies of the TE properties of SiGe alloys have shown that dopants tend to precipitate from the solid solutions and form localized precipitates, resulting in a decrease in the carrier concentration of the materials. 4 The precipitation is slower at lower temperatures and has a more profound effect on the electrical resistivity than on the Seebeck coefficient and thermal conductivity. The overall effect on the ZT of SiGe alloys over time is relatively small.
In the case of TAGS alloys, the materials tend to undergo a phase transformation over time, especially near maximum operating temperatures. 5 This results in a change in the overall TE properties that has not been fully documented to date, although extensive life testing of the power output of PbTe/TAGS couples has been performed.
Potential Automotive Applications of Thermoelectrics
Advances in TE technology can have a significant impact on the U.S. automotive industry in terms of fuel economy improvements by generating electricity from waste heat and enhancing airconditioning efficiency. First, TE technology has the ability to utilize the tens of kilowatts of heat losses in vehicles 2 to generate electricity without added engine load. Second, TE technology could lead to an all-solid-state, extremely reliable, reversible automotive air-conditioning system that does not use refrigerants with greenhouse gas concerns and that can be simpler, easier to package, and more efficient to operate. TE coolers will almost certainly require more electrical power than current mechanical systems, and this should be considered. The increased reliability of batteries and selected components is generally due to being able to use TE devices to control the temperature of the battery or other device.
TE power generators could help to increase the ability of ICEs to convert fuel into useful power. By converting waste heat into electricity, engine performance, efficiency, reliability, and design flexibility could be improved significantly. TE generators could also be used to eliminate secondary loads from the engine drive train, thus reducing torque and horsepower losses from the engine. This would help reduce engine weight and direct the full power to the drive shaft, which would in turn help improve the performance and fuel economy. Furthermore, TE power generators could help improve fuel efficiency (through waste energy recovery) by supporting engine-off operation with minimum battery needs, and could increase electric power for new features. TE power generators can function for only a short period of time after the engine is turned off using available exhaust or coolant heat. A fuel burner added to the TE subsystem will use fuel, but at a much lower rate than a fully operating engine, thereby improving fuel economy without a large battery pack.
For almost a half-century between the 1940s and the early 1990s, the highest ZT values of all materials remained low, with ZT ≤ 1. Substantial federal funding since the early 1990s as well as private enterprise research and development efforts have led to significant increases in ZT in recent years, [6] [7] [8] [9] [10] reinvigorating interest in TE technology. Figure 5a shows that ZT ϳ 3 would lead to the efficiency of a TE generator approaching 50% of the Carnot efficiency (a thermodynamic limit), and Figure 5b shows a coefficient of performance in TE coolers that outperforms those of mechanical air-conditioning units. Recent materials research breakthroughs that provide ZT Ͼ 1, and some as high as ZT 3. 
Efficiencies of Thermoelectric Waste-Heat Recovery Units
Because of the strong temperaturedependence of ZT for most materials, we estimate the average energy-conversion efficiency ε ave of a TE waste-heat recovery unit by ε ave ϭ (2) A typical vehicle exhaust gas temperature is approximately 500°C. The T H of a TE generator at vehicle exhaust is generally lower than 500°C, because it is difficult to extract heat energy from flowing gas to the solid surface of the heat exchanger. Optimistically, we assume T H 400°C and T C 100°C, such that the cold side of the generator is cooled by radiator coolant. The best materials for such a temperature range would be the n-and p-type filled skutterudites. Using their reported ZT values and Equation 2, ε ave is approximately equal to 6.7%. 6 Based on recently developed models and test data for TE unicouples, a TE generator made of segmented unicouples with the same values of T H and T C and two to three different materials on each thermoelement would have ε ave 7.5%, 11 which provides an additional increase in the thermal-toelectrical energy-conversion efficiency.
For a radiator TE generator, one should have T H ≈ 100°C and T C ≈ 27°C. The materials choices in this case are the thin-film- 9 into the temperature range under consideration, ε ave ≈ 6.9 % is estimated using Equation 2.
Methods of Improving Fuel Economy
Recently, the U.S. Department of Energy initiated several programs on automotive thermoelectric waste-heat recovery technologies. The overall objective is to achieve a 10% improvement in fuel economy. A typical vehicle electrical load, according to the Environmental Protection Agency's federal test procedures, is about 300 W. Figure 6 shows the dependence of fuel economy on electrical load at the alternator for a representative midsize truck at various weights to be in the 0-600 W load range. These results were generated by the Overdrive simulation tool internally developed by General Motors. 12 Overdrive solves systems of ordinary differential equations that approximate the rigid-body dynamics of the vehicle. The output from the simulation is a set of parameters that reflects vehicle performance, fuel economy, drive quality, and energy management. 12 These data, along with those presented in Reference 2, illustrate that if the 10% fuel economy goal is achieved, then more electrical power will be produced than is consumed by the vehicle electrical system under most driving scenarios, including EPA fuel economy and emissions test procedures. This leads to several choices: (1) reducing electrical accessory load on the alternator using thermoelectrically generated power; (2) shifting some of the enginedriven accessories to electrical drive to raise the electrical accessory load consumption; or (3) attempting to use the excess electrical power for something other than the vehicle electrical load, such as propulsion. Examples of choice (2) include electric power steering, an electric coolant pump, an electric cooling fan, an oil pump assist, electric valve actuation and timing, and electric heating for catalytic converters. The use of electric power steering or an electric coolant pump alone, for example, could result in 2-3% or 3-5% fuel economy improvements, respectively. 13 Choice (3) is easily adaptable for hybrid vehicles. It is difficult to estimate the fuel economy gains for a TE-augmented hybrid before detailed information on packaging, electrical interface, mechanical interface, control interface, and powertrain are available. Because the excess electrical power is used directly for vehicle propulsion, this choice has the potential for the largest fuel economy gains among the three. In order to achieve the 10% fuel economy improvement goal, a combination of the three choices mentioned should be used. It should be pointed out that the fuel economy improvement technologies are not necessary additive.
It is also important to keep in mind that the addition of a TE waste-heat recovery unit would increase the overall vehicle weight and therefore reduce fuel economy. The truck represented in Figure 6 weighs 4417 lb, with an 18.8-mpg EPA composite rating; a 10% fuel economy improvement would mean a 1.88-mpg improvement. The mass penalty should generally not exceed 5% of the 1.88-mpg gain. Data in Figure 6 indicate an 1190 lb/∆mpg mass penalty; the total mass of a TE generator for this truck should be below ϳ112 lb.
Challenges for Thermoelectric Automotive Waste-Heat Recovery
Despite many new materials discoveries in the past decade, the development of large-scale automotive TE waste-heat recovery technologies remains extremely challenging. There are major challenges in the areas of materials, processes, and integration. In order to obtain higher thermalto-electrical energy-conversion efficiency and coefficient of performance, one needs higher-ZT materials that cover a broad temperature range. The thermal stability of new materials should be addressed and evaluated. Additionally, there have been few studies on assessing TE performance at a module level using the advanced TE materials, designing optimum automotive heat exchangers, integrating TE subsystems into vehicle electrical power management, and examining fuel economy impact at a vehicle level. The great uncertainty in material, module, and subsystem costs, and in the OEM market size, is also a major factor inhibiting this technology development. Until both performance and costs are better understood, the ability to select the best thermoelectric materials for automotive waste-heat recovery remains difficult.
Conclusions
Thermoelectrics has proven to be a viable technology for space applications, as documented by the SiGe-and telluridebased couples that have accumulated millions of hours of operation in space without a single thermoelectric-related failure. Radioisotope thermoelectric generators with higher specific power would result in more on-board power for the same RTG mass, or less RTG mass for the same on-board power. This could enable the use of high-power-demand instruments or increase the mass available for the science payload.
The requirements for the choice of TE materials used in advanced couples based on new TE materials under development (and described elsewhere in this issue) are derived from the development of successful RTGs over the past 55 years. They include temperature stability and sublimation rates, thermomechanical properties, and stable thermoelectric properties as a function of time and temperature.
It is also clear that TE waste-heat recovery technology could potentially offer significant fuel economy improvements. If this is demonstrated feasibly on largescale applications such as automobiles, a significant savings in worldwide fuel consumption can be achieved by applying the technology across the board to conventional and hybrid vehicles. However, many challenges remain for large-scale development. The key to the realization of this technology is the continued development of new materials with increased thermoelectric efficiency.
